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Ovalbumin (OVA), one of the major allergens in hen egg, exhibits extensive structural heterogeneity due
to a range of post-translational modifications (PTMs). However, analyzing the structural heterogeneity of
native OVA is challenging, and the relationship between heterogeneity and IgG/IgE-binding of OVA
remains unclear. In this work, ion exchange chromatography (IXC) with salt gradient elution and on-line
detection by native electrospray ionization mass spectrometry (ESI MS) was used to assess the structural
heterogeneity of OVA, while inhibition-ELISA was used to assess the IgG/IgE binding characteristics of
OVA. Over 130 different OVA proteoforms (including glycan-free species and 32 pairs of isobaric species)
were identified. Proteoforms with acetylation, phosphorylation, oxidation and succinimide modifications
had reduced IgG/IgE binding capacities, whereas those with few structural modifications had higher 1gG/
IgE binding capacities. OVA isoforms with a sialic acid-containing glycan modification had the highest
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IgG/IgE binding capacity. Our results demonstrate that on-line native IXC/MS with salt gradient elution
can be used for rapid assessment of the structural heterogeneity of proteins. An improved understanding
of the relationship between IgG/IgE binding capacity and OVA structure provides a basis for developing

rsc.li/food-function biotechnology or food processing methods for reducing protein allergenicity reduction.

cations (PTMs). These PTMs contribute to forming dynamic
OVA molecules with different structures, which exhibit struc-

1 Introduction
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Ovalbumin (OVA), which accounts for about 54% of the
protein mass of chicken egg white, is widely used in the food
industry due to its excellent nutritional value and functional
attributes. However, it is also known to be one of the main
allergens in the human diet, which has been linked to up to
8% of all food allergies in infants and young children.?
Despite being relatively modest in size, consisting of a single
polypeptide chain with 385 amino acid residues and a mole-
cular weight of approximately 45 kDa, this glycoprotein is
known to be subject to numerous post-translational modifi-
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tural heterogeneity in the form of anisotropic motion and dis-
crete conformational substates. In addition to the extensive
glycosylation (N292), these include N-terminal acetylation (G1),
and phosphorylation (at $68 and S344).> While both glycosyla-
tion and phosphorylation are known to play an important role
in protein allergenicity,*® it remains to be seen if other PTMs
commonly occurring in OVA may endow this protein with pro-
or anti-allergenic properties. However, there have been few sys-
tematic studies on the structural heterogeneity caused by
PTMs of native OVA molecules. As a result, the relationship
between structural heterogeneity and IgG/IgE binding of OVA
is currently unclear.

A recent mass spectrometry analysis of OVA revealed the
presence of 59 protein isoforms in a commercial sample,’
which vastly outnumbers the reported number of isoforms
that have been detected using separation techniques.®
However, mass spectrometry has three important limitations.
First, it cannot readily make distinctions among isomers, e.g.
OVA phosphorylation at either of the two possible sites gives
rise to two different species with identical masses. Second,
simultaneous detection of a large number of protein isoforms
raises concerns about the dynamic range of the measure-
ments, such as the “competition for charges” among various
protein species and “spectral crowding” leading to a loss of
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the signal of low-abundance species on the background of
highly abundant ones with close m/z values. Third, analysis of
a glycosylated and/or phosphorylated protein, such as OVA,
relies on enzymatic pre-treatment as a means of reducing
sample complexity. In addition to increasing the analysis time,
these steps may lead to the loss of low-abundance species and
introduction of artifacts (non-enzymatic PTMs that were not
originally present in the protein sample).”*°

These challenges can be addressed by combining MS profil-
ing of the protein isoforms with on-line separation techno-
logies. Ton-exchange liquid chromatography (IXC)'" is particu-
larly useful in this regard, as many common PTMs change
either the pI or the surface charge distribution patterns within
a protein, thus providing a physicochemical basis for separ-
ations based on electrostatic interactions. The ability to separ-
ate various OVA proteoforms (especially those that differ from
each other by net charge) would be beneficial for detecting
low-abundance species by spreading the detection over time
and avoiding both signal suppression and signal interference
within the mass spectrometer. Furthermore, the ability of IXC
to separate isomeric species with identical net charges but
different local charge patterns'* should allow a distinction to
be made among isobaric species, e.g., the two mono-phos-
phorylated forms of the protein, as discussed earlier. Since
both IXC and MS can be operated under non-denaturing con-
ditions, the on-line IXC/MS measurements (in contrast to the
commonly used reversed-phase LC/MS) also allows the confor-
mational integrity of each protein isoform to be assessed
based on the ionic charge state distributions in mass
spectra.”® Lastly, native MS frequently provides an advantage
for separating the ionic signals of proteins whose masses
differ significantly. Indeed, it is known that the extent of mul-
tiple charging of protein ions in the gas phase is determined
by their physical dimensions in solution.'*'*> Consequently,
ionic signals of two (or more) proteins with vastly different
physical dimensions will populate distinct m/z regions in the
native ESI mass spectrum, thereby reducing the likelihood of
or indeed eliminating the signal interference.

Native IXC/MS has been used to characterize therapeutic
proteins with extensive PTMs'>'®"® and protein-drug conju-
gates;’® however, the total number of detected/identified
protein isoforms remained relatively modest (not exceeding a
couple of dozen in each case). More recently, IXC/MS with pH
gradient elution was employed for the characterization of com-
mercial OVA, in which 151 different proteoforms were
detected.”® However, nearly one-third of all these detected iso-
forms were protein dimers and truncated polypeptide chains,
suggesting that the sub-optimal protocols for manufacturing
and handling commercial samples are likely to result in arti-
facts that may hide/obscure the presence of relevant PTMs.
Furthermore, OVA with different PTMs might exhibit variations
in their IgG and IgE binding capacities. However, there are few
studies on the relationship between structural heterogeneity
and IgG/IgE binding of OVA. The objective of this work was
therefore to systematically analyze the heterogeneity of native
OVA and explore the relationship between OVA heterogeneity
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and its IgG/IgE binding capacities. To this end, native IXC/MS
was used as a means of profiling PTMs within a monomeric
OVA sample extracted from hen egg and purified by size-exclu-
sion chromatography (SEC). The IgG/IgE binding of OVA pro-
teoforms were evaluated using an inhibition enzyme-linked
immunosorbent assay (ELISA). The results obtained indicate
that native IXC/MS was ideally suited for rapid characterization
of OVA heterogeneity caused by PTMs and that there is a corre-
lation between structural heterogeneity and variation in IgG/
IgE binding of OVA. The methodology presented in this work
could provide a basis for controlling the allergenicity of OVA,
as well as other allergenic proteins encountered in food, by
biotechnology or food processing methods targeting specific
PTMs.

2 Materials and methods
2.1 Materials

Goat anti-human IgE-HRP conjugate (A9667), goat anti-rabbit
IgG-HRP conjugate (AP187P), commercial standard OVA
(A5503) Tween-20 and 3,3',5,5-tetramethylbenzidine (TMB)
and were purchased from Sigma-Aldrich (St Louis, MO, USA).
Hen egg allergy (HEA) patients’ antisera were obtained from
PlasmaLab International (Everett, W.A., USA) and their specific
IgE levels ranged from 10.8 kU L™ to 64.6 kU L™ (detailed
information is shown in Table S1 in ESIt). The polyclonal anti-
OVA sera were produced by male Japanese rabbits (three
months old, about 2.0 kg) [Permission No. SCXK(Gan)-2014-
0005].>> All other chemicals and solvents used were of analyti-
cal grade or higher.

2.2 Sample preparation

OVA was extracted from chicken egg white using a procedure
described in detail elsewhere' with some modifications.
Briefly, egg white was separated from hen egg and diluted in
deionized water. Then its pH was adjusted to 5.5, followed by
centrifugation at 3000g for 20 min at 4 °C. Ammonium sulfate
was added to the supernatant to 50% saturation, followed by
pH adjustment to 4.5 and repeated centrifugation. The precipi-
tate was re-dissolved in 0.1 mM EDTA, followed by addition of
ammonium sulfate to 38% saturation and centrifugation; this
step was repeated twice, yielding crude OVA (the precipitate).
After dissolution in deionized water, crude OVA was dialyzed at
room temperature under running water for 24 h, and then lyo-
philized. The lyophilized protein was re-dissolved in 50 mM
ammonium acetate and fractionated by SEC using a TSKgel
G3000SWy;, (Tosoh Bioscience LLC, King of Prussia, PA)
column on an HP1100 (Agilent Technologies, Santa Clara, CA)
liquid chromatograph at a flow rate of 0.75 mL min~'. The
monomeric OVA fraction was collected, lyophilized and re-run
on SEC to ensure sample stability. No additional chemical/
enzymatic treatment of the protein sample was carried out
prior to native IXC/MS analysis. A protein stock solution was
prepared by dissolving SEC-purified and lyophilized OVA in
50 mM ammonium acetate and stored at 4 °C.

This journal is © The Royal Society of Chemistry 2021
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2.3 On-line IXC/MS

Separations were carried out using a ProPac SAX-10 column
(Thermo Fisher Scientific, Waltham, MA) on an HP1100
liquid chromatograph (Agilent Technologies, Santa Clara,
CA). Ammonium acetate was used as a mobile phase (50 mM
in mobile phase A and 500 mM in mobile phase B, pH 6.9).
A linear gradient (0 to 70% A over 35 min) at a flow rate of
0.2 mL min~" was used in this work to achieve optimal sep-
aration. In a single measurement, a 100 pL aliquot of the
analyte solution (2 mg mL™' or ~45 pM) was injected onto
the column. The eluate was directed to the ESI source of the
mass spectrometer following a 1:7 post-column flow split-
ting (to achieve the final flow rate of 25 pL min™"). On-line
MS detection was carried out with a SolariX 7 (Bruker
Daltonics, Billerica, MA) Fourier transform ion cyclotron reso-
nance (FT ICR) mass spectrometer equipped with a 7 T
superconducting magnet and a standard ESI source. ESI-gen-
erated ions were accumulated externally prior to injection
into the ICR cell. The ion optics parameters were selected to
optimize the OVA signal: collision voltage, —14 V; RF fre-
quency, 1.4 MHz; collision RF amplitude; 1300 V,_,. All
spectra were recorded using 150 ms-long transients, which
allowed 400 mass spectra to be acquired over a one-minute
window. Each mass spectrum shown in this work is an
average of 5 individual spectra. All data were processed using
Bruker BioTools software package. The mass spectral data
were analyzed according to the method of Heck” using
42747.68 Da as an average mass of intact (PTM-free) OVA
with a single disulfide bond.

2.4 1gG and IgE binding capacities evaluation

IgG and IgE binding of OVA were measured by inhibition
ELISA with rabbit antisera and HEA patients’ antisera, respect-
ively.”® The negative control used in these experiments was
2 pg mL™" pig gelatin. First, a 96-well microplate was coated
with standard OVA (100 pL per well, 2 pg mL™") overnight at
4 °C. Then it was blocked with 50 mg mL™" fat-free milk.
Subsequently, 50 pL of either pooled rabbit antisera (diluted
to1:12 800) or pooled HEA patients’ antisera (diluted to 1:8)
and IXC collected OVA samples (inhibitors) with different con-
centration (0.5, 1.5, 5, 15, 30, 60 pg mL™') were added and
incubated at 37 °C for 30 min. Then, 100 pL of goat anti-
rabbit IgG-HRP conjugate or goat anti-human IgE-HRP conju-
gate (diluted to 1:5000) was added and incubated at 37 °C for
30 min. Next, the sample was colored by adding 100 pL of
TMB solution and incubating for at 37 °C 15 min. Finally, the
reaction was stopped by adding 50 pL of 2 M sulfuric acid,
and the absorbance was measured at 450 nm using a micro-
plate reader (HF2000, Huaan Magnech, Beijing, China). Every
step above included the washing with PBST (0.05% Tween-20
in 50 mM PBS, pH 7.4) for five times. The inhibition rate was
calculated as follows: Inhibition = (1 — B/B,) x 100%, where B
and B, are the absorbance values of the well with and without
the inhibitor, respectively.’® ICs, is the concentration of
inhibitors that causes a 50% inhibition of antibody binding

(hg mL™).
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2.5 Statistical analysis

All experiments were carried out in triplicate and the results
are presented as mean value + standard deviation. The MS
data analysis was carried out using Brucker DataAnalysis 4.4
(Bruker, Billerica, MA) and it was shown using Origin-2017
(OriginLab Corp., Northampton, MA).

3 Results and discussion
3.1 Systematic assessment of OVA structural heterogeneity

Initially, the structural heterogeneity of OVA isolated from hen
egg was determined using a combination of size chromato-
graphy and mass spectrometry. The final step of OVA extraction
from the egg white was purification by SEC, which is com-
monly used in protein analysis to ensure the absence of both
high-molecular weight (aggregates) and low-molecular weight
components (degradation products resulting from polypeptide
chain scission, which are frequently present in commercial
products®'). As shown in Fig. 1, there were two main peaks in
the size exclusion chromatograms. Based on its retention time,
the first peak was assigned to ovotransferrin, which is a glyco-
protein with a molar mass of about 76 kDa and an isoelectric
point of around pH 5.6 to 6.2.>* After separation, a re-run of
the SEC fraction corresponding to OVA monomer yields a well-
defined single peak, free of high- or low-molecular weight
degradation products (Fig. 1). A native ESI mass spectrum of
this SEC fraction acquired off-line shows an abundant ionic
signal confined to an m/z region (2800-3800u). The low
average charge of the protein ions, and the narrow distribution
of the ionic charge states (only charge states +13 to +15 are
visible in the mass spectrum) are usually interpreted as signs
of the protein molecules existing in a compact (natively folded)
conformation in solution prior to their transfer to the gas
phase.”® Each charge state is represented by a cluster of peaks
corresponding to proteins with different masses. Assignment
of all of these peaks (highlighted in Table S2 in the ESI}) was
facilitated by the availability of an extensive body of knowledge
of the PTMs commonly encountered in OVA and thoroughly
documented in previous studies.>”*"** Each of these modifi-
cations results in a unique increase of the protein mass
(N-terminal acetylation, +42.0 Da; phosphorylation, +80.0 Da;
succinimide formation, —17.0 Da; oxidation, +16.0 Da;
addition of a hexose residue, +162.1 Da; addition of an
N-acetyl-hexose amine residue, +203.2 Da; addition of an
N-acetylneuraminic acid residue, +291.3 Da), although mul-
tiple combinations of these modifications may give rise to iso-
baric species. In addition, the most common PTM expected to
occur in OVA is deamidation, but the concomitant mass
change associated with this process (1.0 Da) was too small to
be measured confidently for this protein. Other common
PTMs are N-terminal acetylation, phosphorylation, succini-
mide formation, oxidation, and glycosylation with hexose
(Hex), N-acetylglucosamine (GlcNAc) and N-acetylneuraminic
acid (NeuAc) residues. These OVA isoforms can usually be dis-
tinguished from one another based on their masses. Each

Food Funct.


https://doi.org/10.1039/d0fo02980g

Published on 13 July 2021. Downloaded by University of Liverpool on 7/29/2021 12:54:07 PM.

Paper
2504 500+
)
2 200 400-]
g
:
S 150+ e 3004
N -
o €
g 1004 3 200
] <
= K}
S S
2
S 50 100
0 T PrrprT e 0

View Article Online

Food & Function

0 2 4 6 8 10 12 14
elution time, min

16 18 1000 1500 2000 2500 3000 3500 4000 4500 5000

m/z

GSIGAASMEF CFDVFKELKV HHANENIFYC PIAIMSALAM VYLGAKDSTR TQINKVVRFD®

KLPGFGDSIE AQCGTSVNVH SSLRDILNQI TKPNDVYSFS LASRLYAEER YPILPEYLQC!?®

VKELYRGGLE PINFQTAADQ ARELINSWVE SQTNGIIRNV LQPSSVDSQT AMVLVNAIVE!®

KGLWEKAFKD EDTQAMPFRV TEQESKPVQOM MYQIGLFRVA SMASEKMKIL ELPFASGTMS**°

MLVLLPDEVS GLEQLESIIN FEKLTEWTSS NVMEERKIKV YLPRMKMEEK YNLTSVLMAM3°

GITDVFSSSA NLSGISSAES LKISQAVHAA HAEINEAGRE VVGSAEAGVD AASVSEEFRA®®

DHPFLFCIKH IATNAVLFFG RCVSP3®

Fig. 1 Top: SEC purification of OVA (the color-filled curve shows the SEC re-run of the collected fraction) and the native ESI mass spectrum of the
collected SEC fraction. Colored circles and diamonds refer to the main detected OVA species. Bottom: the amino acid sequence of OVA (Swiss-Prot
P01012) with the known PTMs sites highlighted. G1 is N-terminal acetylation sites. S68 and S344 is phosphorylation sites. N292 is glycosylation site.

isoform is represented by a numerical set with each position,
indicating the number of structural modifications of a particu-
lar kind occurring within the protein (using the same order as
listed above). For example, the most abundant OVA proteoform
observed in the mass spectrum shown in Fig. 1 can be rep-
resented as (1-2-0-0-6-2-0) using this notation, which corres-
ponds to the acetylated, bis-phosphorylated glycoform
HexsGIcNAc,NeuAc, lacking structural modifications caused
by oxidation and succinimide formation (no assignments can
be made about possible deamidation, as discussed earlier).

In addition to the high-abundance ionic signal, also visible
in the spectrum are low-abundance clusters of ionic peaks,
which represent an additional set of OVA proteoforms (also
highlighted in Table S2 in the ESIt). Overall, twenty-one pro-
teoforms were detected in the off-line ESI MS analysis of the
SEC-purified OVA. This number is significantly below that
reported for MS analysis of OVA proteoforms,” as no enzymatic
pre-treatment of the protein was used in our work. Notably,
even though the results of the off-line analysis of the SEC-puri-
fied OVA by native ESI MS are consistent with the notion of the
protein sample being apparently impurity-free, a magnified
view of the ionic signal in the m/z region 2200-2900 reveals the
presence of several low-abundance ionic species (see the inset
in Fig. 1). It is not clear, however, if these ions represent par-
tially unfolded OVA species (which would be expected to
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display a higher extent of multiple charging in ESI MS) or
other proteins, as the low intensity of the ionic signal and the
extreme crowding of this segment of the mass spectrum made
it impossible to extract meaningful information.

Out of the twenty-one major proteoforms detected by MS
alone (Fig. 1), twelve are isobaric species (highlighted red in
Table S1t) that are expected to have different retention charac-
teristics on anion exchange resin. It is not therefore surprising
that in stark contrast to SEC, the IXC chromatogram of the
OVA sample had a very convoluted shape, with the UV absorp-
tion signal spanning over 15 minutes with salt concentrations
ranging from 180 mM to 290 mM (the blue trace in Fig. 2A).
On-line detection with native ESI MS generates a chromato-
gram that generally mirrors the conventional UV absorption
signal, but lags slightly behind due to the extra time required
for the eluate to reach the ESI source. While the significant
time dispersion of OVA species in IXC was not surprising, this
protein appears to be only a relatively minor component of the
eluate at shorter retention times (<19 min). Indeed, even
though several OVA isoforms can be confidently identified in
the first chromatographic peak (a mass spectrum averaged
across the 17-18 min elution window is shown in Fig. 2B), the
major protein species have appreciably lower masses. The
appearance of the ionic signal at lower m/z values (below
3500u) indicates the presence of a heavily glycosylated (and,

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 lon exchange chromatograms with UV absorption detection
shown in blue and total ion chromatogram generated by on-line native
ESI MS detection shown in red (A) and a representative on-line mass
spectrum averaged across the 17-18 min elution window (B). The ion
peaks labeled with red and blue triangles represent the
Hex1gGlcNAc4NeuAcy and Hex;9GlcNAc4NeuAcy glycoforms of OVM,
respectively. The inset shows a zoomed view of the m/z region of the
mass spectrum containing signal of OVM ions at +9 charge state (the
brown and purple arrows indicate m/z shifts due to the addition of a
hexose residue and a GIcNAc residue, respectively). The ion peak labeled
with a star represents the P1-4(1-0-0-0-9-8-0) species of OVA.

therefore, highly heterogeneous) protein. Individual ion peaks
in each charge state cluster are spaced by 162 and 203 Da,
corresponding to the masses of hexose and GIcNAc residues,
respectively (indicated by brown and purple arrows in Fig. 2B).
The masses of different glycoforms range from 26.8 kDa to
29.0 kDa, consistent with those of ovomucoid (OVM), one of
the most abundant proteins in chicken eggs (accounting,
together with OVA and ovotransferrin for nearly 75% of the egg
white protein mass).>® Since the focus of this work was on
characterizing the structural micro-heterogeneity of OVA, OVM
(eighty-four isoforms found in the OVA sample, as summarized
in Table S3 in ESIf) was treated as an impurity and no detailed
characterization of its proteoforms was attempted.

Both enzymatic and non-enzymatic PTMs of OVA have been
extensively studied in the past,>”*"*”*% allowing us to make
assignments of OVA proteoforms detected by IXC/MS based on
the measured masses. Although native ESI MS has been
regarded until recently as a relatively low resolution/accuracy
tool for measuring protein masses (mostly due to the extensive

This journal is © The Royal Society of Chemistry 2021
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adduct formation that results in significant peak broadening
and apparent mass shift>*?), this problem can be dealt with
using efficient thermal desolvation. We have recently demon-
strated that mass differences as low as 0.4% can be confidently
resolved for protein/ligand complexes as large as 80 kDa in
native ESI MS.** Other groups have also demonstrated the
ability of native ESI MS to provide accuracy in mass measure-
ments that were previously thought to be unattainable using
this approach.”**** Among several OVA proteoforms identified
within the first IXC chromatographic peak (elution time
17 min), the mass of the most abundant ion corresponds to a
glycoform HexoGlcNAcgNeuAc, incorporating no other PTMs
besides acetylation, i.e. isoform (1-0-0-0-9-8-0) using the nota-
tions introduced earlier (Fig. 2B). Interestingly, the extracted
ion chromatogram (XIC) of this ionic species plotted across
the entire chromatographic run (Fig. 3) contains an additional
peak at 24 min (labeled F in Fig. 3), which seems puzzling as it
is not clear what isobaric forms of this particular species can
display such a disparity with regards to their retention behav-
ior on the anion exchange resin. Since OVA has two phos-
phorylation sites, we also plotted XICs for two ionic species
having the same charge state, but higher mass (by 80 kDa and
160 Da, corresponding to the mono- and bis-phosphorylated
versions of this glycoform). These XICs are also shown in
Fig. 3. The XIC for the mono-phosphorylated species contains
two peaks with elution times of 19.5 (peak B) and 22.5 (peak
B) min, while the single peak exhibited by the XIC for the
phosphorylated species (peak D) has an elution time of
24.0 min. The elution order of peaks A-D is consistent with
the expected retention behavior of different phosphorylation
forms of the same protein species, where consecutive addition
of anionic groups leads to longer retention. The appearance of
two peaks in XIC of the mono-phosphorylated form (peaks B
and C) is not surprising, as the retention characteristics on ion
exchange resins are known to be attenuated by distribution
patterns of the surface charge. At the same time, the elution
time of the second peak in the XIC of the non-phosphorylated
species (peak F in Fig. 3) is anomalous, as the same retention
is exhibited by the di-phosphorylated species (peak D) carrying
two additional negative charges. This apparent contradiction
is resolved by examining the mass spectra averaged across the
elution windows corresponding to peaks A and F: an overlay of
ion peaks at m/z 3824 provides unequivocal evidence that
these two peaks do in fact represent different ionic species
(see the bottom left panel in Fig. 3) whose masses are too
close to each other to avoid interference in XIC (in contrast,
the profiles of ionic signals at m/z 3380 averaged across the
elution windows corresponding to peaks B and C in Fig. 3
overlap completely, confirming that they represent truly isoba-
ric species, i.e. two isomeric forms of the mono-phosphory-
lated species).

Although one might be tempted to explain the appearance
of the “extra” peak in the XIC of the non-phosphorylated
species in Fig. 3 as a result of deamidation (which would
increase the total negative charge on the protein, extending its
retention on the anion exchange column), this appears un-
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Fig. 3 Influence of phosphorylation on OVA elution in anion-exchange
chromatography. Top: extracted ion chromatograms for OVA glycoform
HexoGlcNAcgNeuAc, exhibiting different levels of phosphorylation
(blue: non-phosphorylated; purple: mon-phosphorylated; and red: bis-
phosphorylated) and no other non-enzymatic PTMs (total ion chromato-
gram is also shown for reference). Middle: ionic signals used to con-
struct the XICs in the top panel (mass spectra are averaged across the
elution windows as indicated on each panel), as indicated with color-
coded stars. Bottom: overlays of signal profiles giving rise to a pair of
peaks in the XIC of the non-phosphorylated species (blue and pale blue)
and a pair of peaks in the XIC of the mono-phosphorylated species (two
shades of purple).

likely. First, deamidation increases the protein mass by 0.98
Da, while the ionic mass of species F decreases by 1.9 Da com-
pared to species A (see the bottom left panel in Fig. 3). Second,
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the elution time of peak F coincides with that of the di-phos-
phorylated species (labeled D in Fig. 3), which has two, rather
than one, extra negative charges compared to the species A. A
more likely explanation for the presence of peak D in the chro-
matogram invokes the presence of a different glycoform
having a surface charge density pattern similar or indeed iden-
tical to that of species D. For example, the mass of the di-phos-
phorylated form of the glycoform HexgGlcNAcgNeuAc, (1-2-0-0-
8-8-0) should be 2 Da below that of species A (consistent with
the observed mass difference of 1.9 Da between species A and
F in Fig. 3). Thus, on-line IXC/MS analysis of OVA sample
allows all four different phosphorylation forms of a single
protein glycoform to be identified, a task that cannot be
accomplished by MS alone.” Detailed analysis of the entire
complement of different OVA proteoforms (Table S2 in ESIY)
confirms that nearly all OVA glycoforms are represented by
several different phosphorylation states.

Unlike phosphorylation, acetylation of the N-terminus is a
PTM type that affects OVA on a nearly-uniform basis.”® It is
therefore not surprising that the vast majority of OVA proteo-
forms detected in this work (129 out of a total of 138) appear
to be acetylated (see Table S2 in ESIt for more detail). The
nine detected non-acetylated forms of the protein are rep-
resented by low-abundance ionic species, with intensities
being nearly two orders of magnitude below those of their
acetylated counterparts. An example is shown in Fig. 4, where
the de-acetylated from of the glycoform HexsGlcNAc,NeuAc,
(0-1-0-0-6-2-0) elutes prior to its acetylated counterpart. This
elution order is not surprising, since this PTM neutralizes a
basic site on the protein surface, increasing its net negative
charge.

Although OVA is not glycosylated as extensively as OVM, gly-
cosylation is undoubtedly the single largest source of its
structural microheterogeneity.”*! While Hex,GlcNAc,,NeuAc;

2.00 - -5.00

1 (20 2.00
13600 3650 3700 3750 m/z [

0] F1.00

total ion count, 10° cts.
P
o
PR
selected ion count, 108 cts.

10 15 20 25 30
elution time, min.

Fig. 4 Effect of N-terminal acetylation of OVA on its elution in anion-
exchange chromatography: XIC profiles of (0-1-0-0-6-2-0) and (1-1-0-
0-6-2-0), shown in blue and red, respectively. The inset shows the
zoomed views of mass spectra averaged across the 20-21 min and
21-22 min elution windows (relevant ionic peaks are labeled with the
appropriately color-coded triangles).

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0fo02980g

Published on 13 July 2021. Downloaded by University of Liverpool on 7/29/2021 12:54:07 PM.

Food & Function

(where n, m and k are confined to the following ranges: 3 <n <
10,2 <m <1, and 0 < k < 1) is generally considered a typical
glycan chain template for OVA,>” IXC/MS allows us to detect
glycoproteins with carbohydrate chains ranging from as few as
six monosaccharide units (Hex,GlcNAc,NeuAc,) to as many as
twenty (e.g., HexoGlcNAc;;NeuAcy), see Table S2 in ESIf for
more detail. Not more than a single sialic acid residue is incor-
porated into a glycan chain. Intriguingly, only relatively short
carbohydrate chains (ranging from 7 to 12 monosaccharide
units) contain sialic acid residues. Although the specific
reason(s) for such selectivity remains unclear, we note that
this observation is consistent with earlier reports.*® Another
intriguing observation is the presence of the carbohydrate-free
(a-glycosylated) forms of the protein in the OVA sample
(Fig. 5), which have not been reported for the wild-type OVA
previously. Since the sample handling was minimal in our
work, and no hydrolytic enzymes or chemicals were used, we
conclude that the carbohydrate-free form of OVA represents
a-glycosylated (rather than de-glycosylated) OVA molecules,
which were present in the initial sample at low abundance.
Due to their low abundance, these species had escaped detec-
tion previously, and it is the on-line IXC/MS that allowed them
to be detected and identified within the protein sample.

Not surprisingly, the presence of an acidic NeuAc unit
within the carbohydrate chain results in a significant increase
of the retention time; however, a nearly identical increase of
the retention time is observed as a result of the absence of the
carbohydrate chain (Fig. 5). Furthermore, careful analysis of
the retention time of different glycoforms indicates that even
small variations of the number of neutral saccharide units
within the glycan chain result in small but consistent changes
in the retention characteristics of OVA proteoforms. Thus,
decreasing the total number of either Hex or GlcNAc residues
within the carbohydrate chain by a single saccharide unit
results in a slightly enhanced retention (Fig. 6). This behavior

2.00 250
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8
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Fig. 5
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would be expected in the HILIC mode of separation,®” but is
surprising to observe in ion exchange. Most likely, the corre-
lation between the size of the carbohydrate chain and the
retention time is not due to the marginal basicity of the
neutral saccharide residues, but rather reflects the charge
shielding properties of the glycan. Indeed, several negative
charges (acidic side chains) on the OVA surface are located
near the glycosylation site (Asn-292), and are likely to be at
least partially shielded from the cationic resin by the solvent-
exposed carbohydrate chain (see Fig. S1 in ESI}). Reduction of
this surface charge shielding in glycoforms with shorter carbo-
hydrate chains (or indeed complete elimination of this shield-
ing in the glycan-free OVA) would result in enhanced inter-
action of the protein with the anion exchange resin and, as a
result, delayed elution.

The most prominent non-enzymatic PTM revealed by on-
line IXC/MS is oxidation (see Table S2 in ESI} for more detail).
As expected, oxidation results in an increase of the retention
time: for example, the three OVA isoforms whose elution pro-
files are presented in Fig. 6 are retained on the column for an
additional 4 minutes compared to their non-oxidized counter-
parts (which comprise the most abundant chromatographic
peak). This enhanced retention likely reflects the increase of
the acidic character of proteins caused by oxidation without
introducing a formal negative charge.*®?*° One intriguing con-
clusion from the analysis of the entire complement of all oxi-
dized OVA isoforms relates to the fact that this PTM is detected
only among the proteoforms carrying two phosphate groups.
The hypothesis that at least some PTMs within a single protein
may be correlated has been attracting attention within the
functional proteomics field in recent years.*”*' However, it
must be emphasized that one of the two PTMs showing an
apparent correlation in OVA is non-enzymatic (oxidation), and
no correlations involving irreversible non-enzymatic PTMs are
known at present.*” Far from having any functional impor-
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and two representative glycoforms (1-2-0-0-5-5-0) and (1-2-0-0-5-5-1) carrying the same number of phosphate groups (colored in blue, green and
red, respectively). The ion peaks representing the two glycoforms are labeled with stars in the on-line mass spectra that were collected 20 s apart

from each other (shown in the pane on the right).
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Fig. 6 Influence of incremental variation in the glycan chain composition on OVA elution in anion-exchange chromatography: XIC profiles of (1-2-
0-1-5-2-0), (1-2-0-1-6-2-0) and (1-2-0-1-7-2-0) isoforms eluting over a narrow window 28.5-29.5 min (red, blue, and green, respectively). The ion
peaks representing these glycoforms are labeled with appropriately color-coded triangles in representative on-line mass spectra that were collected

within the same elution window (shown in the pane on the right).

tance, the observed correlation between OVA oxidation and its
phosphorylation most likely reflects the increased suscepti-
bility of the protein to oxidation once it is fully phosphory-
lated, the specific chemical causes of which are yet to be
elucidated.

One of the challenges that have been encountered during
the analysis of OVA proteoforms detected by IXC/MS is the
existence of some species with close/identical masses. We have
already mentioned the appearance of an interfering ionic
species in the XIC for the OVA glycoform HexoGlcNAcgNeuAc,
lacking phosphorylation (m/z 3824), where the late eluting
species (peak F in Fig. 3) was identified as (1-2-0-0-8-8-0), a di-
phosphorylated form of the glycoform HexgGlcNAcgNeuAc,. In
that particular case identification of the interfering species
was aided by analyzing the elution patterns of isoforms
differing from each other by the extent of phosphorylation; a
slight mass difference between the two ions at m/z 3823 was
also apparent (as discussed earlier). Furthermore, XIC plots
generated for m/z values corresponding to the putative forms
(1-1-0-0-8-8-0) and (1-0-0-0-8-8-0) (see Fig. S2 in ESI{) reveal
both elution patterns and intensity ratios similar to those
exhibited by (1-1-0-0-9-8-0) and (1-0-0-0-9-8-0) proteoforms (as
shown in Fig. 3). Similar analyses can be carried out in many
other cases enabling annotation of the entire chromatogram
(Fig. 7), although data interpretation based solely on intact
mass measurements should always be treated with caution.

Quantitation of different isoforms is another serious issue
that remains to be addressed. Although rough estimates of the
relative abundance of different isoforms can be obtained by
comparing ionic signal intensities, the latter are influenced by
a range of other factors besides fractional concentration of the
corresponding species in solution. For example, comparing
the relative abundance of the ionic signals for the (1-2-0-0-9-8-
0), (1-1-0-0-9-8-0) and (1-0-0-0-9-8-0) proteoforms gives an esti-
mate of bis-phosphorylated vs. mono-phosphorylated vs. non-
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Fig. 7 Annotated IXC chromatogram of the SEC-purified OVA sample.
(OPO3)o, (OPO3); and (OPOs3), refers non-phosphorylated, mono-phos-
phorylated and bis-phosphorylated OVA, respectively. +O represents the
OVA species with oxidation. Glycoylation (Hex + GlcNAc) refers the OVA
proteoforms with glycan on N292 while NeuAc refers to those have
glycan with N-acetylneuraminic acid/sialic acid. P1-P12 refers the peaks
in the IXC chromatogram of OVA.

phosphorylated species as near 15:11:1 (Fig. 3). Similar ratios
can be obtained for the majority of other OVA glycoforms.
However, the consensus ratio is 8:2:1,> suggesting that quan-
titation based on the intensity of the ionic signal in IXC/MS
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results in an underestimation of the relative abundance of the
fully phosphorylated OVA molecules. This should not be sur-
prising, since each phosphorylation introduces an extra nega-
tive charge on the protein surface, which is expected to dimin-
ish the number of electrospray-generated polycationic species
representing this particular isoform.***> Another parameter
affecting the response factor is the elution time of the species
in question: using salt gradient as a means of facilitating the
elution process means that the ions representing later-eluting
species would be generated from solutions with higher electro-
lyte concentrations. The latter is known to affect both the
charge state distributions and the intensity of ionic ensembles
in ESI MS,***° thereby further complicating the proteoform
quantitation based on the strength of their ionic signal.
Despite this drawback, IXC/MS should be ideally suited for
situations when a comparison needs to be made between two
different samples. In such situations, a comparison of the rela-
tive abundance of the ionic signal for the same isoform
in two different samples enables meaningful inter-sample
quantitation.

3.2 Relationship between structural heterogeneity and 1gG/
IgE binding of OVA

Localization of PTMs to specific regions of the protein chroma-
togram (Fig. 7) provides an opportunity to establish the corre-
lations between the immunoglobulin-binding properties of the
protein and specific structural features that commonly occur in
intact (unprocessed) OVA. In order to explore the relationship
between structural heterogeneity and IgG/IgE binding of OVA,
several OVA fractions in IXC were collected (representing twelve
elution windows as shown in Fig. 7). The IgG and IgE binding
properties of these OVA fractions were then compared based on
their ICs, values. The SEC-purified OVA was the substrate while
the OVA fractions were the inhibitors. The ICs, value is the
inhibitor concentration that causes a 50% inhibition of the anti-
body binding capacity: the higher the IC5, value, the lower the
binding capacity. As shown in Fig. 8, the IC5, values of IgG were
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correlated well with those of IgE. The ICs, values of P1-P3 were
much higher than that of SEC-purified OVA, indicating that
their IgG and IgE binding capacities were lower. This effect can
be attributed to the presence of OVM in these fractions, which
had no specific binding to anti-OVA-sera. Nevertheless, the
rabbit antisera were specific to OVA while HEA patient antisera
were specific to hen egg, which contains OVM. When OVA frac-
tions containing OVM impurities were added as inhibitors,
both OVA and OVM would bind to the HEA patient antisera and
lead to a decrease in ICs, value. Therefore, the IgG ICs, value is
overall higher than the IgE ICs, value of P1-P3.

Moreover, the ICs, values of bis-phosphorylated isoforms
were higher than that of the mono-phosphorylated ones,
implying that phosphorylation weakened the IgG and IgE
binding of OVA. The IgG and IgE binding capacities of OVA
were determined using IgG and IgE epitopes, including
sequential and conformational epitopes. Numerous studies
have been carried out to identify the IgG and IgE epitopes of
OVA, which have shown that the IgG and IgE epitopes are
widely spread along the whole sequence of OVA." PTMs, such
as phosphorylation,® acetylation,*® oxidation and succinimide
formation,** could modify or mask both the sequential epi-
topes of IgG and IgE by covalent modification. The different
elution time of OVA in IXC also suggests that PTMs could
induce their conformational changes, which destroy some con-
formational epitopes of I1gG and IgE. Finally, OVA isoforms
with PTMs are more difficult to be recognized by IgG or IgE
due to sequence modification and consequent conformational
changes caused by PTMs. This explains why the IC5, values of
P4 and P9 were about 20% lower than those of P5 and P12.
Moreover, P9 had higher I1gG and IgE ICs, values than P11,
suggesting that the different phosphorylation sites could result
in different IgG and IgE binding capacities through sequence
modification and conformational changes. However, P9 had
about 25% higher values than P10, indicating that the OVA
proteoforms with sialic acid-containing glycans had higher
IgG and IgE binding capacities. Previous studies have also
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Fig. 8 19G binding (A) and IgE binding (B) of OVA structural heterogeneity caused by different PTMs. N presents the SEC-purified native OVA. P1—
P12 refers the collected peaks of SEC-purified native OVA according to the UV absorbance. Letters (a—j) in the bars mean significantly different (p <

0.05).
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reported that sialic acid-containing glycans increased the IgG/
IgE binding capacity.>® Therefore, the reason that P7 had lower
IgG and IgE IC;, values than P5 may have been because of
differences in their phosphorylation sites and sialic acid-con-
taining glycans. Furthermore, the ICs, values of mono-phos-
phorylated OVA were lower than that of di-phosphorylated
ones, implying that OVA proteoforms with fewer modifications
have higher IgG/IgE binding capacities. The P9 fraction had
over 20% lower 1gG and IgE ICs, values than P8, which could
be attributed to succinimide formation and the presence of a
long carbohydrate chain, which promoted folding and
increased the stability of the glycoprotein.®® As a result, the
recognition of IgG or IgE was hindered, leading to a lower IgG/
IgE binding capacity. In summary, proteoforms with acetyl-
ation, phosphorylation, oxidation and succinimide modifi-
cations had reduced IgG/IgE binding capacities, whereas those
with few structural modifications had higher IgG/IgE binding
capacities. Moreover, isoforms with a sialic acid-containing
glycan modification had the highest IgG/IgE binding capacity.

4 Conclusion

In conclusion, on-line IXC-MS with salt gradient elution was
shown to be a powerful tool for the characterization of the
structural heterogeneity of ovalbumin caused by post-tran-
scription modifications. Over a hundred and thirty different
ovalbumin proteoforms were identified based on their elution
times and/or masses. Besides, eighty-four different glycoforms
of ovomucoid were detected, which was a low-level protein
impurity in the OVA sample that completely escaped detection
by MS alone. The relationship between the structural hetero-
geneity and IgG/IgE binding of OVA was explored. This analysis
helped to identify structural modifications of OVA that led to
higher or lower allergenicity. The IXC/MS method is relatively
rapid, involves only one step (a single LC/MS run), and does
not require any chemical/enzymatic (pre)treatment of the
protein sample, thereby making it ideally suited for situations
where a rapid assessment of protein quality is required.
Improved knowledge of the relationship between IgG/IgE
binding capacity and OVA heterogeneity caused by post-transla-
tional modifications may lead to the development of new bio-
technology or food processing strategies for reducing the aller-
genicity of egg products. For instance, chemical reactions such
as oxidation and phosphorylation may occur during the pro-
cessing or storage of food proteins, and so it may be possible
to decrease the allergenicity of OVA by controlling these reac-
tions. This information may also be important for the emer-
ging field of cellular agriculture, where protein ingredients are
being created using microbial fermentation methods.
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OVM Ovomucoid
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IgE Immunoglobulin E
IgG Immunoglobulin G
ELISA  Enzyme-linked immunosorbent assay

HEA Hen egg allergy
PBS Phosphate buffer solution

PBST  PBS with 0.05% Tween

TMB 3,3',5,5-Tetramethylbenzidine

PTM Post-translational modification

IXC Ion exchange chromatography

SEC Size-exclusion chromatography

ESI Electrospray ionization

MS Mass spectrometry

FTICR Fourier transform ion cyclotron resonance
XIC Extracted ion chromatogram

Hex Hexose

GIcNAc N-Acetylglucosamine
NeuAc N-Acetylneuraminic acid
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Table S1. Information about HEA patients.

Clinical
No.  Gender Age (year) Other allergens IgE (kUL
symptoms
1 Male 5 AS, EC Milk 15.4
2 Male 16 AS, HI Peanut, Soybean 13.7
3 Female 51 EC, RH Walnut, Cottonwood 11.5
4 Male 27 HI, NW Most food allergy 29.8
5 Male 28 AS, HI Peanut, Soybean 21.3
6 Female 47 HI, CW Most food allergy 64.6
7 Male 49 AS, NW Codfish, Wheat 24.2
8 Male 33 EC, RH Wheat, Shrimp 10.8

AS, asthma; HI, hives; EC, eczema; RH, rhinitis; NW, nose wheezing; CW, chest wheezing
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Table S2. Analysis of ovalbumin species.

Modification Glycan in N292 Exp. Theor. Am Ratio
ID Mass Mass
A P S O Hex GINAc NeuAc Da Da Da v

1 P1-1(1-0-0-0-8-7-0) 7 45507.6  45509.2 -1.6 0.03
2 P1-2(1-0-0-0-9-7-0) 7 45669.6 456713 -1.7 0.03
3 P1-3(1-0-0-0-8-8-0) 8 457114 45712.4 -1.0 0.06
4 P1-4(1-0-0-0-9-8-0) 8 458719 458743 -2.4 0.08
5 P1-5(1-0-0-0-8-9-0) 9 45916.8 45915.6 1.2 0.03
6 P1-6(1-0-0-0-10-8-0) 0 8 46036.8  46036.7 0.1 0.04
7 P1-7(1-0-0-0-8-10-0) 0 10 46118.4 46118.8 -0.4 0.05
8 P1-8(1-0-0-0-8-11-0) 0 11 46320.0  46322.0 -2.0 0.03
9 P1-9(1-0-0-0-9-11-0) 0 11 46480.8  46484.1 -3.3 0.02
10 P2-1(1-0-0-0-5-2-0) 0 2 440054  44006.8 -1.4 0.12
11 P2-2(1-0-0-0-6-2-0) 2 441672  44168.9 -1.7 0.19
12 P2-3(1-0-0-0-7-2-0) 2 44328.0  44331.1 -3.1 0.05
13 P2-4(1-0-0-0-5-4-0) 4 44412.0 444132 -1.2 0.12
14 P2-5(1-0-0-0-5-5-0) 5 44616.0  44616.4 -0.4 0.03
15 P2-6(1-0-0-0-6-5-0) 5 44778.0  44778.5 -0.5 0.02
16 P3-1(1-1-1-0-5-2-0) 2 44066.4 44068.8 2.4 0.11
17 P3-2(1-1-1-0-6-2-0) 2 44227.2 44230.9 -3.7 0.17
18 P3-3(1-1-1-0-7-2-0) 2 443904  44393.1 -2.7 0.06
19 P3-4(1-1-1-0-5-4-0) 4 44473.2 44475.2 -2.0 0.12
20 P3-5(1-1-1-0-5-5-0) 5 446772  44678.4 -1.2 0.04
21 P3-6(1-1-0-0-8-7-0) 7 45589.2  45589.2 0.0 0.03
22 P3-7(1-1-0-0-9-7-0) 7 457524  45751.3 1.1 0.05
23 P3-8(1-1-0-0-8-8-0) 8 45793.2 457924 0.8 0.12
24 P3-9(1-1-0-0-9-8-0) 8 45952.8 45954.5 -1.7 0.18
25 P3-10(1-1-0-0-8-9-0) 9 45996.0  45995.6 0.4 0.05
26 P3-11(1-1-0-0-10-8-0) 8 46113.6 46116.6 -3.0 0.09
27 P3-12(1-1-0-0-8-10-0) 10 46196.4  46198.8 -2.4 0.11
28 P3-13(1-1-0-0-7-11-0) 11 0 46236.0  46239.8 -3.8 0.04
29 P3-14(1-1-0-0-9-10-0) 10 0 46359.8 46360.9 -1.1 0.05
30 P3-15(1-1-0-0-8-11-0) 11 46400.4 46401.9 -1.5 0.06
31 P3-16(1-1-0-0-9-11-0) 11 0 46561.2 46564.1 -2.9 0.04
32 P4-1(0-1-0-0-5-2-0) 2 0 440424 440448 2.4 0.11
33 P4-2(0-1-0-0-6-2-0) 2 0 442044 442069 2.5 0.23
34 P4-3(0-1-0-0-7-2-0) 2 0 44365.2  44369.0 -3.8 0.06
35 P4-4(0-1-0-0-5-4-0) 4 0 444492 44451.1 -1.9 0.13
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Table S2. continued

Modification Glycan in N292 Exp. Theor. Am Ratio

No. ID Mass Mass
A P S O Hex GlkNAc NewAe D Da %

36 P4-5(0-1-0-0-5-5-0) 0o 1 0 O 5 5 0 446532 446543 -1.1 0.04
37 P4-6(0-1-0-0-6-5-0) 0o 1 0 O 6 5 0 448152 44816.5 -1.3 0.02
38 P5-1(1-1-0-0-4-2-0) 1 1 0 0 4 2 0 439224  43924.6 2.2 0.08
39 P5-2(1-1-0-0-5-2-0) 1 1 0 0 5 2 0 44084.4  44086.8 -24 2.21
40 P5-3(1-1-0-0-6-2-0) 1 1 0 0 6 2 0 44247.6 442489 -1.3 3.41
41 P5-4(1-1-0-0-5-3-0) 1 1 0 0 5 3 0 44292.0  44290.0 2.0 0.36
42 P5-5(1-1-0-0-4-4-0) 1 1 0 o0 4 4 0 443304  44331.0 -0.6 0.22
43 P5-6(1-1-0-0-7-2-0) 1 1 0 o0 7 2 0 44409.6  44411.1 -1.5 0.94
44 P5-7(1-1-0-0-5-4-0) 1 1 0 o0 5 4 0 444924 444932 -0.8 1.95
45 P5-8(1-1-0-0-4-5-0) 1 1 0 0 4 5 0 44534.4 445342 0.2 0.24
46 P5-9(1-1-0-0-3-6-0) 1 1 0 0 3 6 0 445752 445753 -0.1 0.12
47 P5-10(1-1-0-0-5-5-0) 1 1 0 0 5 5 0 44694.0  44696.4 -24 0.44
48 P5-11(1-1-0-0-4-6-0) 1 1 0 0 4 6 0 44738.4  44737.4 1.0 0.06
49 P5-12(1-1-0-0-6-5-0) 1 1 0 0 6 5 0 44857.2  44858.5 -1.3 0.20
50 P5-13(1-1-0-0-5-6-0) 1 1 0 O 5 6 0 44901.6  44899.6 2.0 0.02
51 P5-14(1-1-0-0-7-5-0) 1 1 0 O 7 5 0 45018.0  45020.6 -2.6 0.01
52 P6-1(1-1-0-0-8-7-0) 1 1 0 o0 8 7 0 45586.8  45589.2 24 0.01
53 P6-2(1-1-0-0-9-7-0) 1 1 0 0 9 7 0 45747.6  45751.3 -3.7 0.02
54 P6-3(1-1-0-0-8-8-0) 1 1 0 0 8 8 0 45789.6  45792.4 -2.8 0.06
55 P6-4(1-1-0-0-9-8-0) 1 1 0 o0 9 8 0 45952.8  45954.5 -1.7 0.15
56 P6-5(1-1-0-0-8-9-0) 1 1 0 0 8 9 0 45996.0  45995.6 0.4 0.03
57 P6-6(1-1-0-0-10-8-0) 1 1 0 0 10 8 0 46113.6  46116.6 -3.0 0.06
58 P6-7(1-1-0-0-8-10-0) 1 1 0 0 8 10 0 46196.4  46198.8 -24 0.06
59 P6-8(1-1-0-0-7-11-0) 1 1 0 0 7 11 0 46239.6  46239.8 -0.2 0.02
60 P6-9(1-1-0-0-9-10-0) 1 1 0 0 9 10 0 46359.6  46360.9 -1.3 0.03
61 P6-10(1-1-0-0-8-11-0) 1 1 0 0 8 11 0 46400.4  46401.9 -1.5 0.03
62 P6-11(1-1-0-0-9-11-0) 1 1 0 0 9 11 0 46562.4  46564.1 -1.7 0.02
63 P7-1(1-1-0-0-5-2-0) 1 1 0 o0 5 2 0 44084.4  44086.8 -24 0.59
64 P7-2(1-1-0-0-6-2-0) 1 1 0 0 6 2 0 44247.6 442489 -1.3 1.10
65 P7-3(1-1-0-0-5-3-0) 1 1 0 0 5 3 0 44292.0  44290.0 2.0 0.16
66 P7-4(1-1-0-0-4-4-0) 1 1 0 0 4 4 0 443304  44331.0 -0.6 0.09
67 P7-5(1-1-0-0-7-2-0) 1 1 0 o0 7 2 0 44409.1  44411.1 -2.0 0.36
68 P7-6(1-1-0-0-5-4-0) 1 1 0 0 5 4 0 444924 444932 -0.8 0.58
69 P7-7(1-1-0-0-4-5-0) 1 1 0 0 4 5 0 44534.4 445342 0.2 0.13
70 P7-8(1-1-0-0-3-6-0) 1 1 0 0 3 6 0 445752 445753 -0.1 0.07
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Table S2. continued

Modification Glycan in N292 Exp. Theor. Am Ratio

No. ID Mass Mass
A P S O Hex GlkNAc NewAe D Da %

71 P7-9(1-1-0-0-5-5-0) 1 1 0 0 5 5 0 44695.2  44696.4 -1.2 0.15
72 P7-10(1-1-0-0-4-6-0) 1 1 0 0 4 6 0 44738.4  44737.4 1.0 0.03
73 P7-11(1-1-0-0-6-5-0) 1 1 0 0 6 5 0 44857.2  44858.5 -1.3 0.06
74 P7-12(1-1-0-0-3-2-1) 1 1 0 O 3 2 1 44056.8  44053.8 3.0 0.12
75 P7-13(1-1-0-0-4-2-1) 1 1 0 O 4 2 1 44218.8 442159 2.9 0.23
76 P7-14(1-1-0-0-5-2-1) 1 1 0 O 5 2 1 44380.8  44378.0 2.8 0.09
77 P7-15(1-1-0-0-3-4-1) 1 1 0 O 3 4 1 444612 44460.1 1.1 0.16
78 P7-16(1-1-0-0-5-5-1) 1 1 0 O 5 5 1 44985.6  44987.6 -2.0 0.04
79 P7-17(1-1-0-0-4-6-1) 1 1 0 O 4 6 1 45028.8  45028.7 0.1 0.02
80 P7-18(1-1-0-0-6-5-1) 1 1 0 O 6 5 1 45147.6 451498 -2.2 0.03
81 P8-1(1-2-1-0-5-2-0) 1 2 1 0 5 2 0 44146.8 441488 -2.0 0.41
82 P8-2(1-2-1-0-6-2-0) I 2 1 0 6 2 0 44308.8  44310.9 -2.1 0.90
83 P8-3(1-2-1-0-7-2-0) I 2 1 0 7 2 0 44470.8  44473.0 2.2 0.31
84 P8-4(1-2-1-0-5-4-0) 1 2 1 0 5 4 0 445524 445552 -2.8 0.48
85 P8-5(1-2-1-0-5-5-0) I 2 1 0 5 5 0 447564 447583 -1.9 0.16
86 P8-6(1-2-1-0-6-5-0) 1 2 1 0 6 5 0 449184  44920.5 2.1 0.08
87 P8-7(1-2-0-0-8-7-0) 1 2 0 0 8 7 0 45668.4  45669.2 -0.8 0.08
88 P8-8(1-2-0-0-9-7-0) 1 2 0 0 9 7 0 45828.0  45831.3 -3.3 0.16
89 P8-9(1-2-0-0-8-8-0) 1 2 0 0 8 8 0 45870.0 458723 -2.3 0.31
90 P8-10(1-2-0-0-9-8-0) I 2 0 0 9 8 0 46032.0  46034.5 -2.5 0.57
91 P8-11(1-2-0-0-8-9-0) 1 2 0 0 8 9 0 46076.4  46075.5 0.9 0.14
92 P8-12(1-2-0-0-10-8-0) 1 2 0 0 10 8 0 461952 46196.6 -1.4 0.23
93 P8-13(1-2-0-0-8-10-0) 1 2 0 0 8 10 0 46276.8  46278.7 -1.9 0.27
94 P8-14(1-2-0-0-7-11-0) I 2 0 0 7 11 0 46320.0  46319.8 0.2 0.09
95 P8-15(1-2-0-0-9-10-0) I 2 0 0 9 10 0 46437.6  46440.9 -3.3 0.09
96 P8-16(1-2-0-0-8-11-0) 1 2 0 0 8 11 0 46479.6  46481.9 2.3 0.14
97 P8-17(1-2-0-0-7-12-0) I 2 0 0 7 12 0 46524.0  46523.0 1.0 0.03
98 P8-18(1-2-0-0-9-11-0) 1 2 0 0 9 11 0 46642.8  46644.1 -1.3 0.07
99 P9-1(1-2-0-0-4-2-0) 1 2 0 o0 4 2 0 44002.8  44004.6 -1.8 0.47
100 P9-2(0-2-0-0-5-2-0) 0 2 0 O 5 2 0 441224 441247 2.3 0.50
101  P9-3(1-2-0-0-5-2-0) 1 2 0 o 5 2 0 44164.8  44166.8 -2.0 13.91
102 P9-4(0-2-0-0-6-2-0) 0 2 0 O 6 2 0 44284.8  44286.9 -2.1 0.84
103 P9-5(1-2-0-0-6-2-0) 1 2 0 o 6 2 0 44327.3 443289 -1.6 24.96
104  P9-6(1-2-0-0-7-2-0) 1 2 0 o 7 2 0 44488.8  44491.0 -2.2 6.50
105 P9-7(0-2-0-0-5-4-0) 0o 2 0 0 5 4 0 44529.6  44531.1 -1.5 0.86
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Table S2. continued

Modification Glycan in N292 Exp. Theor. Am Ratio

No. ID Mass Mass
A P S O Hex GlkNAc NewAe D Da %

106  P9-8(1-2-0-0-5-4-0) I 2 0 0 5 4 0 44571.6 445732 -1.6 12.29
107  P9-9(1-2-0-0-4-5-0) 1 2 0 o0 4 5 0 44613.6  44614.2 -0.6 1.64
108  P9-10(1-2-0-0-3-6-0) 1 2 0 0 3 6 0 446532 446553 2.1 0.68
109  P9-11(1-2-0-0-6-4-0) I 2 0 0 6 4 0 447324 447353 -2.9 1.09
110  P9-12(1-2-0-0-5-5-0) 1 2 0 o0 5 5 0 447744  44776.3 -1.9 2.69
111 P9-13(1-2-0-0-4-6-0) 1 2 0 0 4 6 0 44818.8  44817.4 1.4 0.37 *
112 P9-14(1-2-0-0-6-5-0) 1 2 0 0 6 5 0 44936.4  44938.5 -2.1 1.19
113 P9-15(1-2-0-0-7-5-0) I 2 0 0 7 5 0 45099.1  45100.6 -1.5 0.10 &
114  P10-1(1-2-0-0-0-0-0) 1 2 0 0 0 0 0 42948.0  42949.7 -1.7 0.22 *
115  P10-2(1-2-0-0-2-4-1) 1 2 0 0 2 4 1 44374.8  44378.0 -3.2 0.08 &
116  P10-2(1-2-0-0-5-2-1) 1 2 0 O 5 2 1 44457.6  44458.0 -0.4 0.16 *
117 P10-3(1-2-0-0-6-2-1) 1 2 0 O 6 2 1 446172 44620.2 -3.0 0.38 &
118  P10-4(1-2-0-0-5-3-1) 1 2 0 0 5 3 1 44658.0  44661.2 32 0.11
119 P10-5(1-2-0-0-6-3-1) 1 2 0 0 6 3 1 448224 448234 -1.0 0.10
120  P10-6(1-2-0-0-5-5-1) 1 2 0 o 5 5 1 45066.0  45067.6 -1.6 0.15
121 P10-7(1-2-0-0-4-6-1) 1 2 0 0 4 6 1 45108.0  45108.7 -0.7 0.06 &
122 P10-8(1-2-0-0-6-5-1) I 2 0 0 6 5 1 45228.0  45229.7 -1.7 0.10
123 P11-1(1-2-0-0-0-0-0) 1 2 0 0 0 0 0 42948.0  42949.7 -1.7 0.03 *
124 P11-2(1-2-0-0-4-2-0) 1 2 0 0 4 2 0 44002.8  44004.6 -1.8 0.02
125  P11-3(1-2-0-0-5-2-0) 1 2 0 0 5 2 0 44164.8  44166.8 -2.0 0.84
126  P11-4(1-2-0-0-6-2-0) 1 2 0 0 6 2 0 44326.8  44328.9 -2.1 1.80
127  P11-5(1-2-0-0-7-2-0) 1 2 0 0 7 2 0 44488.8  44491.0 -2.2 0.56
128  P11-6(1-2-0-0-5-4-0) 1 2 0 o0 5 4 0 44571.6  44573.2 -1.6 0.94
129  P11-7(1-2-0-0-4-5-0) 1 2 0 0 4 5 0 44613.6  44614.2 -0.6 0.22
130  P11-8(1-2-0-0-5-5-0) 1 2 0 o0 5 5 0 447744 447763 -1.9 0.27
131  P11-9(1-2-0-0-4-6-0) 1 2 0 0 4 6 0 44818.8  44817.4 14 0.07 *
132 P11-10(1-2-0-0-6-5-0) 1 2 0 o 6 5 0 44936.4  44938.5 -2.1 0.10
133 P12-1(1-2-0-1-5-2-0) 1 2 0 1 5 2 0 44182.8 441828 0.0 0.60 &
134 P12-2(1-2-0-1-6-2-0) 1 2 0 1 6 2 0 443448 443449 -0.1 1.46 *
135  P12-3(1-2-0-1-7-2-0) 1 2 0 1 7 2 0 44506.8  44507.0 -0.2 0.48 &
136 P12-4(1-2-0-1-5-4-0) 12 0 1 5 4 0 44588.4  44589.2 -0.8 0.77 *
137 P12-5(1-2-0-1-5-5-0) I 2 0 1 5 5 0 447924 447923 0.1 0.23 &
138 P12-6(1-2-0-1-6-5-0) 12 0 1 6 5 0 449532 449545 -1.3 0.08 *

The red highlighted species (21 species with different mass, but it includes 12 pairs of isobaric species) are

the MS alone. The bolded are the isobaric species (32 pairs).
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A, P, S, O in the Modifications column represents acetylation, phosphorylation, succinimide formation,
oxidation, respectively. Hex, GIcNAc, NeuAc refers hexose, N-acetylhexosamine, N-acetylneuraminic acid
/ sialic acid, respectively.

* means the species undetected by Bones et al.
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Table S3. Analysis of ovomucoid species.

Glycan composition Exp. Theor. Am Ratio

No. ID Mass Mass o
Hex  GleNAc Da Da Da °

1 P1-1(23-14-0) 23 14 26654.6  26654.2 -0.4 0.63
2 P1-2(22-15-0) 22 15 26696.1  26695.2 -0.9 0.62
3 P1-3(21-16-0) 21 16 26737.7 267363 -1.4 0.58
4 P1-4(20-17-0) 20 17 26777.0 267713 0.3 0.51
5 P1-5(19-18-0) 19 18 268164  26818.4 2.0 0.72
6 P1-6(18-19-0) 18 19 26858.4  26859.4 1.0 0.98
7 P1-7(17-20-0) 17 20 26901.8  26900.5 -1.3 0.85
8 P1-8(19-19-0) 19 19 27019.0  27021.6 2.6 1.06
9 P1-9(18-20-0) 18 20 27061.7  27062.6 0.9 1.62
10 P1-10(17-21-0) 17 21 271019  27103.7 1.8 1.20
11 P1-11(20-19-0) 20 19 271824  27183.7 1.3 0.90
12 P1-12(19-20-0) 19 20 272234 2722438 1.4 1.47
13 P1-13(18-21-0) 18 21 272642 27265.8 1.6 2.09
14 P1-14(17-22-0) 17 22 27307.9  27306.9 -1.0 1.29
15 P1-15(20-20-0) 20 20 273854  27386.9 1.5 1.13
16 P1-16(19-21-0) 19 21 27426.6  27428.0 1.4 1.96
17 P1-17(18-22-0) 18 22 274684  27469.0 0.6 2.59
18 P1-18(17-23-0) 17 23 27508.7  27510.1 1.4 1.63
19 P1-19(15-25-0) 15 25 27591.0  27592.2 1.1 1.48
20 P1-20(19-22-0) 19 22 276294  27631.2 1.8 2.67
21 P1-21(18-23-0) 18 23 27670.5  27672.2 1.7 2.64
22 P1-22(17-24-0) 17 24 27712.5 277133 0.8 1.78
23 P1-23(15-26-0) 15 26 27793.1 277954 23 1.67
24 P1-24(19-23-0) 19 23 278343 278343 0.0 2.61
25 P1-25(18-24-0) 18 24 278742 278754 1.2 3.23
26 P1-26(17-25-0) 17 25 27915.6  27916.5 0.9 1.48
27 P1-27(15-27-0) 15 27 27997.7  27998.6 0.9 1.68
28 P1-28(19-24-0) 19 24 28037.7  28037.5 -0.2 2.76
29 P1-29(18-25-0) 18 25 28078.2  28078.6 0.4 2.16
30 P1-30(17-26-0) 17 26 281184  28119.6 1.2 1.30
31 P1-31(15-28-0) 15 28 282004  28201.7 1.3 1.76
32 P1-32(19-25-0) 19 25 28238.7  28240.7 2.1 1.86
33 P1-33(18-26-0) 18 26 28279.8  28281.8 2.0 1.84
34 P1-34(17-27-0) 17 27 283224 283228 0.4 0.93
35 P1-35(16-28-0) 16 28 283619  28363.9 2.0 0.87
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Table S3. Continued

Glycan composition Exp. Theor. Am Ratio

No. ID Mass Mass o
Hex  GleNAc Da Da Da °

36 P1-36(15-29-0) 15 29 28407.9  28404.9 -3.0 1.06
37 P1-37(19-26-0) 19 26 28444.0  28443.9 0.1 1.55
38 P1-38(18-27-0) 18 27 28485.6  28485.0 -0.6 0.93
39 P1-39(17-28-0) 17 28 285279  28526.0 -1.9 0.75
40 P1-40(16-29-0) 16 29 28568.0  28567.1 0.9 0.71
41 P1-41(15-30-0) 15 30 28605.9  28608.1 2.3 1.03
42 P1-42(19-27-0) 19 27 28646.8  28647.1 -0.3 0.77
43 P1-43(18-28-0) 18 28 28686.1  28688.2 2.1 0.90
44 P1-44(17-29-0) 17 29 28731.0  28729.2 1.8 0.50
45 P1-45(16-30-0) 16 30 28769.0  28770.3 -1.3 0.53
46 P1-46(15-31-0) 15 31 28809.4  28811.3 -1.9 0.52
47 P1-47(19-28-0) 19 28 28848.8  28850.3 -1.5 0.58
48 P2-1(15-13-0) 15 13 251548 251539 0.9 0.94
49 P2-2(14-14-0) 14 14 251929  25194.9 -2.0 0.96
50 P2-3(16-13-0) 16 13 25318.7  25316.0 2.7 0.79
51 P2-4(15-14-0) 15 14 25355.1  25357.1 -2.0 1.35
52 P2-5(14-15-0) 14 15 253959  25398.1 2.2 1.26
53 P2-6(16-14-0) 16 14 25518.1  25519.2 -1.1 1.17
54 P2-7(15-15-0) 15 15 25558.7  25560.2 -1.5 1.33
55 P2-8(14-16-0) 14 16 25598.9  25601.3 2.4 1.50
56 P2-9(13-17-0) 13 17 25642.8  25642.4 0.4 1.78
57 P2-10(12-18-0) 12 18 25682.3  25683.4 -1.1 1.45
58 P2-11(15-16-0) 15 16 257657  25763.4 23 1.27
59 P2-12(13-18-0) 13 18 258429 258455 -2.6 1.37
60 P2-13(12-19-0) 12 19 25883.4  25886.6 -3.2 1.31
61 P2-14(15-17-0) 15 17 25966.1  25966.6 -0.5 1.22
62 P2-15(14-18-0) 14 18 26007.8  26007.7 0.1 1.74
63 P2-16(13-19-0) 13 19 26045.7  26048.7 -3.0 1.71
64 P2-17(12-20-0) 12 20 26087.2  26089.8 -2.6 1.66
65 P2-18(12-21-0) 12 21 26290.1  26293.0 2.9 1.06
66 P2-19(10-23-0) 10 23 263733 26375.1 -1.8 0.75
67 P2-20(13-21-0) 13 21 264532 26455.1 -1.9 0.84
68 P2-21(12-22-0) 12 22 264947 26496.2 -1.5 0.98
69 P2-22(13-22-0) 13 22 26656.9  26658.3 -1.4 0.70
70 P2-23(12-23-0) 12 23 26697.2  26699.4 2.2 0.69
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Table S3. Continued

Glycan composition Exp. Theor. Am Ratio

No. ID Mass Mass o

Hex GIeNAc  NeuAc D Da Da o

71 P3-1(11-17-1) 11 17 1 25608.2  25609.3 -1.1 0.47
72 P3-2(10-18-1) 10 18 1 25649.2  25650.4 -1.2 0.56
73 P3-3(11-18-1) 11 18 1 25811.3  25812.5 -1.2 0.46
74 P3-4(10-19-1) 10 19 1 258509  25853.6 2.7 0.52
75 P3-5(9-20-1) 9 20 1 25893.5  25894.6 -1.1 0.55
76 P3-6(7-22-1) 7 22 1 259745  25976.7 2.2 0.49
77 P3-7(6-23-1) 6 23 1 26016.8  26017.8 -1.0 0.59
78 P3-8(5-24-1) 5 24 1 26056.4  26058.8 2.4 0.78
79 P3-9(8-23-1) 8 23 1 26340.0  26342.1 2.1 0.63
80 P3-10(7-24-1) 7 24 1 26380.4  26383.1 2.7 0.58
81 P3-11(8-24-1) 8 24 1 265443 265453 -0.9 0.62
82 P3-12(9-24-1) 9 24 1 26705.7  26707.4 -1.7 0.49
83 P3-13(8-25-1) 8 25 1 267474 267484 -1.0 0.60
84 P3-14(9-25-1) 9 25 1 26908.9  26910.6 -1.7 0.47

The red highlighted species (15 species) are the MS alone.

Hex, GlcNAc, NeuAc refers hexose, N-acetylhexosamine, N-acetylneuraminic acid / sialic acid, respectively.
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Figure S1. Two complementary views of OVA crystal structure (PDB id: 10VA)
showing isopotential surfaces at -4kT/e (with semi-transparent red surfaces) and
location of the glycosylation site (with a black arrow). A biantennary Hex3GIlcNAc4

structure is shown at the bottom as a reference.
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Figure S2. Influence of phosphorylation on OVA elution in anion-exchange chromatography.
The extracted ion chromatograms for OVA glycoform HexsGlcNAcsNeuAcy exhibiting
different levels of phosphorylation (green: non-phosphorylated; blue: mono-phosphorylated;

and red: bis-phosphorylated).
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