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ABSTRACT
Mass spectrometry (MS) has become an indispensable tool in structural characterization and quality control 
of monoclonal antibodies (mAbs). Intact-mass analysis is a particularly attractive option that provides 
a powerful and cost-effective means to not only confirm the structural integrity of the protein, but also 
probe its interactions with therapeutic targets. To a certain extent, this success can be attributed to relatively 
modest glycosylation levels exhibited by IgG molecules, which limits their structural heterogeneity and 
enables straightforward mass measurements at the intact molecule level. The recent surge of interest in 
expanding the repertoire of mAbs to include other classes of immunoglobulins places a premium on efforts 
to adapt the IgG-tailored experimental strategies to other classes of antibodies, but their dramatically higher 
levels of glycosylation may create insurmountable obstacles. The monoclonal murine IgE antibody explored 
in this work provides a challenging model system, as its glycosylation level exceeds that of conventional IgG 
mAbs by a factor of nine. The commercial sample, which included various IgE fragments, yields a poorly 
resolved ionic signal in intact-mass measurements, from which little useful information can be extracted. 
However, coupling MS measurements with the limited charge reduction of select polycationic species in the 
gas phase gives rise to well-defined charge ladders, from which both ionic masses and charges can be readily 
determined. The measurements reveal significant variation of the extent of glycosylation within intact IgE 
molecules, as well as the presence of low-molecular weight impurities in the commercial IgE sample. 
Furthermore, incubation of the monoclonal IgE with its antigen (ovalbumin) gives rise to the formation of 
complexes with varying stoichiometries, which can also be uniquely identified using a combination of native 
MS, limited charge reduction in the gas phase and data fitting procedures. This work demonstrates that 
following appropriate modifications, intact-mass analysis measurements can be successfully applied to 
mAbs beyond the IgG isotype, providing a wealth of information not only on the mass distribution of the 
intact IgE molecules, but also their large-scale conformational integrity, the integrity of their covalent 
structure, and their interactions with antigens.
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Introduction

Mass spectrometry (MS) has become a standard analytical 
technique used in the biopharmaceutical field,1 and it has 
been particularly successful as a tool for comprehensive char
acterization of the presently dominant class of therapeutic 
proteins, monoclonal antibodies (mAbs).2 Intact-mass analysis 
is a type of measurements that continues to enjoy growing 
popularity in this field due to its ability to address multiple 
critical quality attributes (CQAs), including the extent of 
glycosylation,3 charge variant profiling,4 and evaluation of the 
cytotoxin conjugation.5 When carried out under near-native 
conditions, intact-mass measurements also enable monitoring 
of the conformational integrity of stressed mAbs6 and allow 
immune complexes to be detected and characterized.7 More 
recently, intact-mass measurements have also been incorpo
rated in pharmacokinetics studies, where they offer a unique 
advantage of allowing mAb quantitation to be performed in 
a glycoform- or, more generally, proteoform-specific fashion.8 

This success record is predicated, at least to some extent, on the 
relatively modest level of structural heterogeneity exhibited by 

mAbs, the vast majority of which are based on the IgG archi
tecture. Indeed, the latter class of antibodies usually display 
only two glycan chains (one per each heavy chain of the 
protein9), and even significant glycan microheterogeneity 
within such mAbs does not preclude selective detection of 
individual glycoforms at the whole-protein level as long as 
they have unique masses.10

Until very recently, all therapeutic mAbs were designed and 
built using the IgG blueprint,11 but in the past decade there was 
a growing interest in expanding the repertoire of this class of 
medicines to include other immunoglobulin isotypes. Initially, 
this trend was largely stimulated by the progress in tumor 
immunotherapy and realization that the limitations of the IgG- 
based approaches can be alleviated to a substantial degree by 
exploiting anti-tumor antibodies of other isotypes, particularly 
IgA and IgE, whose action may be orthogonal and highly 
complementary to that of IgG molecules.12 More recently, the 
emergence of COVID-19 and the ensuing world-wide health
care crisis highlighted another therapeutic modality of non- 
IgG mAbs, such as the virus-neutralizing potential of 
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monoclonal IgA.13 While both IgA and IgE antibodies are 
actively explored in the field of immuno-oncology as alterna
tives/complements to IgG, it is the IgE isotype that shows 
a particular promise vis-à-vis acting synergistically with and 
enhancing anticancer efficacy of IgG due to their superior 
tissue residency characteristics, lack of inhibitory Fc receptors 
and exceptionally high affinity to FcεRI receptors that are 
abundantly expressed on a range of effector cells present in 
solid tumor microenvironments.14–16

Currently, there is only one monoclonal IgE in clinical 
trials,17 but there is little doubt that this class of therapeutic 
mAbs will expand in the near future. This expansion will 
undoubtedly place a premium on the ability to characterize 
such products. Designs for robust and reliable analytical char
acterization protocols for IgE- and IgA-based mAbs are likely 
to be derived from the experimental strategies that have already 
proven highly successful in the analyses of mAbs based on the 
IgG architecture, such as the intact-mass analysis. However, 
the unique challenges posed by IgA- and IgE-based mAbs may 
create obstacles that would prevent straightforward adoption 
of the IgG-targeting tools. For example, intact-mass analysis 
frequently fails to generate meaningful data when applied to 
biopolymers exhibiting extreme degrees of structural hetero
geneity, as the broad mass distributions of macromolecular 
analytes result in a significant overlap of ionic signals repre
senting different charge states, giving rise to convoluted mass 
spectra with few discernible features. Application of deconvo
lution routines to such data arrays fails to produce meaningful 
information,18 necessitating the use of alternative approaches. 
In some instances the heterogeneity problem may be tackled by 
performing front-end separation first, then on-line intact-mass 
analysis with electrospray ionization (ESI) MS using a variety 
of formats, including reversed-phase,3 size exclusion,19 ion 
exchange20 and hydrophilic interaction21 liquid chromatogra
phy, as well as electrophoresis.22 However, this approach is 
insufficient when the biopharmaceutical products exhibit 
extreme degrees of structural heterogeneity.23 In fact, mean
ingful characterization of intact heavily glycosylated non-IgG- 
based antibodies and their complexes is currently possible only 
when charge detection MS (CDMS)24 is used as a means of 
measuring the masses of such macromolecular assemblies.25 

While CDMS is a powerful technique capable of addressing 
a range of challenging biological questions,26 it cannot be 
implemented readily using the majority of commercially avail
able mass spectrometers and requires a dedicated instrument 
with built-in CDMS functionality. These problems, however, 
can be frequently circumvented using the experimental tools 
from the armamentarium of gas-phase ion chemistry,27 such as 
limited charge reduction (LCR), which can be used both as an 
alternative28 and a complement23 to the front-end separations 
in intact-mass measurements.

In this work, we evaluate the feasibility of using intact-mass 
measurements to characterize monoclonal IgE from 
a commercial source. Supplementing intact-mass MS with 
LCR allows not only the mass distribution of the primary 
component to be determined, but also the purity of the sample 

to be assessed, and the conformational integrity of the mono
clonal IgE molecules to be evaluated. Furthermore, native MS 
supplemented with LCR also enables characterization of the 
antibody/antigen interactions, indicating that this experimen
tal technique will become an indispensable tool at all stages of 
the development and evaluation of biopharmaceutical pro
ducts built on the IgE architecture.

Results

Intact-mass analysis of IgE: assessment of purity and 
conformational integrity

A mass spectrum of the unprocessed commercial monoclonal 
anti-ovalbumin (OVA) IgE acquired under near-native condi
tions features a broad and convoluted distribution of ionic 
signal over a wide m/z range (gray-filled curve in Figure 1). 
This behavior is in stark contrast to monoclonal IgGs, which 
typically feature well-resolved ion peaks confined to narrow m/ 
z regions in native MS.29 While the ionic signal in the high m/z 
region (> 6,500) of the mass spectrum shown in Figure 1 
appears to be consistent with the notion of IgE molecules 
assuming a compact fold in solution, the abundant signal in 
the lower m/z range displays only a few discernible features and 
cannot be readily interpreted. It may represent lower molecular 
weight (MW) macromolecular species (including IgE frag
ments), as well as intact IgE molecules that unfold in solution 
and, therefore, accumulate a disproportionately higher number 
of charges in the course of ESI compared to their natively- 
folded counterparts.30

Because of the enormous complexity of the mass spectrum of 
unprocessed IgE, all attempts to interpret the data using avail
able deconvolution routines failed to produce meaningful infor
mation on the ionic species’ mass distribution (see Figure S1 in 
the Supplementary Material for more detail). Au contraire, 

Figure 1. An ESI mass spectrum of unprocessed monoclonal IgE sample acquired 
under near-native conditions (gray-filled curve). The charge ladders shown in 
color represent LCR MS measurements for precursor ions selected at m/z 3640 
(maroon), 4200 (blue), 5200 (orange) and 6820 (white). See Supplementary 
Material for a more detailed view of the data presented in this figure.
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application of LCR allows masses to be measured for any ion 
contributing to the overall signal in the mass spectrum. For 
example, selecting narrow ionic populations close to the apex 
of any peak in the distinct signal cluster in the high m/z spectral 
region followed by their exposure to 1,3-dicyanobenzene anions 
in the gas phase gives rise to well-defined charge ladders, from 
which both ionic charges and masses can be readily deduced. 
This is illustrated in Figure 1 using ions centered around m/z 
7060 (shown as a white-filled ladder), which produce an 
extended ladder that displays losses of up to eight charges with 
Δz = 1 increments (see also Figure S3 in the Supplementary 
Material). The masses of ions within this ensemble can be 
readily calculated as 204,770 ± 405 Da (with the spread reflecting 
the width of the precursor ion selection window, i.e., Δm 
= Δ(m/z)precursor·zprecursor). The total mass spread of ions popu
lating the high m/z region can be calculated based on the actual 
widths of the ionic peaks in MS1, yielding the mass value of 
204,770 ± 1,640 Da (half-width at half-maximum). Assuming 
Gaussian distribution of the ionic signal, masses of 95% of the 
high m/z ionic species fall within the 204,770 ± 4,230 Da interval. 
This significant mass spread is indicative of extensive glycosyla
tion of the IgE molecules (vide infra). LCR also allows mean
ingful mass information to be obtained for macromolecular 
species giving rise to the ionic signal in the lower m/z region 
of the mass spectrum presented in Figure 1. For example, 
selecting the ionic populations within narrow m/z windows 
corresponding to the apexes of the poorly resolved spectral 
features in the 3,500–5,500 m/z range gives rise to well-defined 
charge ladders, from which the following set of ionic masses can 
be readily obtained: 47,330 ± 2,960 Da (the corresponding 
ladder is shown in maroon in Figure 1; see Figure S2 in the 
Supplementary Material for a more detailed explanation), 
92,180 ± 1,650 Da (blue), 95,600 ± 6,080 Da (magenta) and 
109,470 ± 8,150 Da (orange). In all cases the mass spread is 
defined as the half-width at half-maximum (HWHM) of the 
Gaussian approximation of the mass distribution.

In order to remove the low MW impurities from the com
mercial sample of monoclonal IgE, it was fractionated by size 
using size exclusion chromatography (SEC), and the fraction 
representing the most abundant species (MW ca. 200 kDa 
based on column calibration) collected and re-analyzed by 
MS (Figure 2). The high-m/z part of the mass spectrum of 
the purified IgE is nearly identical to that of the crude IgE 
sample, and LCR measurements confirm that the mass of these 
species is 204,622 ± 450 Da, with the mass spread being 
indicative of the precursor ion m/z selection window width. 
At the same time, the entire mass range populated by the high- 
m/z ions is notably larger, as even the charge ladder produced 
by reduction of the ionic species at the apex of the intensity 
distribution contains a minor contribution from a protein 
species with the mass as low as 197,422 ± 450 Da. Although 
the high-m/z species are predominant in the mass spectrum of 
SEC-purified IgE, the lower-m/z region of the spectrum is also 
populated with the ionic signal. Despite having very few dis
cernible features, it can yield meaningful mass information 
following application of LCR. The latter reveals the presence 
of two highly heterogeneous components, one spanning the 
78–102 kDa mass range (with 93 kDa being the mass of the 
most abundant species in this range, see the blue-shaded 

charge ladder in Figure 2) and another populating the 99–120 
kDa range (the most abundant mass 109 kDa, orange ladder in 
Figure 2 and in Figure S4 in the Supplementary Material).

Incubation of the purified monoclonal IgE with its antigen, 
OVA, results in a noticeable change in both SEC and MS 
profiles (Figure 3). Although both the chromatogram and the 
mass spectrum acquired with sub-stoichiometric amounts of 
the antigen clearly preserve the features that were present in 
the absence of OVA, the new features point out at the anti
body/antigen association. Indeed, the ionic signal in the native 
mass spectrum of the 2:1 (mole:mole) IgE/antigen mixture 
extends to higher m/z, while the SEC elution profile shows 
strong absorption at an elution time that is noticeably earlier 
than that of the free IgE molecule (compare the gray and red 
traces in Figure 3). At the same time, no distinct signal of free 
OVA could be detected in either MS or SEC, suggesting near- 
complete binding of the antigen to the antibody. Both native 
MS and SEC profiles of the IgE/antigen mixture continue to 
evolve upon increasing of the antigen fraction, and eventually 
a signal of free OVA becomes detectable in both MS and SEC. 
Importantly, the ionic signal corresponding to the remaining 
lower MW impurities in the purified IgE sample (m/z 4,500– 
6,700) does not appear to be affected by the presence of the 
antigen; this behavior is in contrast to the intact IgE molecules, 
whose signal is nearly eliminated from the mass spectrum 
when the relative concentration of OVA becomes sufficiently 
high.

While both native MS and SEC provide clear evidence of the 
monoclonal IgE/antigen interaction, it is difficult to tease apart 
contributions of the antibody-antigen complexes with different 
stoichiometries, as well as the antigen-free IgE. Indeed, the 
relatively small size of OVA in comparison to the IgE mole
cules results only in a modest decrease of the SEC elution time 
for the OVA-bound IgE, and the chromatographic resolution is 
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clearly insufficient for separating free IgE, IgE·OVA and 
IgE·(OVA)2 species (Figure 3). The relatively low mass of the 
antigen is also responsible for the significant overlap of the 
ionic signal corresponding to two different immune complexes 
(IgE·OVA and IgE·(OVAdeconv)2), as well as the antigen-free 
IgE, as is evident in the mass spectra presented in Figure 3. All 
attempts to deconvolute the mass spectra presented in Figure 3 
using either commercial built-in software or more robust 
Bayesian algorithms31 failed to produce meaningful mass dis
tributions (see Supplementary Material for more detail). Once 
again, this problem was circumvented by applying LCR to ESI- 
generated ions. For example, selecting narrow populations of 
ionic species within the apex regions of what appears to be 
well-defined ion peaks in the mass spectrum of the 1:1.5 IgE: 
OVA mixture gives rise to two distinct charge ladders 
(Figure 4a and Figure S5 in Supplementary Material). 
Processing these ladders with the UniDEC deconvolution 
routine31 allows the masses of the two distinct species to be 
determined as 205 kDa (free IgE) and 250 kDa (IgE·OVA 
complex). It is clear from examination of these charge ladders 
that even the seemingly well-defined peaks contain ionic signal 

contributions from both free IgE and the IgE·OVA complex, 
and their relative contributions change upon increase of the 
OVA concentration in solution. This (as well as the inherently 
broad mass distribution of IgE) gives rise to highly convoluted 
ionic peak shapes that change following variation of the anti
body/antigen molar ratio. The highly complex appearance of 
the mass spectra makes the straightforward application of 
standard deconvolution routines meaningless (vide supra).

Similar analyses were carried out for the ionic signal popu
lating other regions of the mass spectra up to m/z 8,000 (the 
hardware limit for precursor ion selection32), also revealing the 
contributions of more than just a single species to the ionic 
current at any given m/z value. For example, LCR measure
ments carried out on ionic populations selected within 
narrow m/z windows right below the instrumental limit for 
the precursor ion selection (Figure 4b) clearly indicate the 
presence of ionic species with masses ranging from 246–248 
kDa (assigned as IgE·OVA) and 287–294 kDa (assigned as 
IgE·(OVA)2). Variation of their relative abundance upon 
increasing the antigen content in solution, as well as the inher
ent heterogeneity of IgE, contribute to the evolving shape of the 
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ionic signal at high m/z, giving rise to the apparent shifts of the 
ionic peak in the mass spectra (see Figure 4b showing the 
overlaid traces of the ionic signals acquired at different IgE/ 
OVA ratios).

The extensive overlap of the ionic contributions of the 
free IgE with that of the immune complexes across the 
entire m/z region of interest revealed by the LCR measure
ments suggests that it is impossible to determine the 
relative abundance of the three species (IgE, IgE·OVA and 
IgE·(OVA)2) using peak heights/areas in the mass spectra 
of the IgE/OVA mixtures. We approached this task by 
fitting the raw data with the “pure” ionic contributions 
of the three individual species generated using the follow
ing approach. First, a mass distribution of the IgE mole
cules DIgE(m) was obtained by finding the best fit for the 
ionic signal in the m/z range above 6,500 in the mass 
spectrum of IgE by optimizing the set of signal amplitudes 
for each charge state Az

(IgE) and the shape of the mass 
distribution function DIgE(m). This was done by finding 
the Euclidean minimum of the deviation of the calculated 
IgE signal 

IIgE
calc: μð Þ ¼

X

z
AIgE

z � DIgE zμ � 1:008� zð Þ

from that of the experimentally measured signal (as shown in 
Figure 2). A similar procedure was used to determine the mass 
distribution of the antigen DOVA(m). Next, the mass distribu
tion of the IgE·OVA complexes was calculated by convoluting 
DIgE(m) and DOVA(m): 

DIgE�OVA mð Þ ¼ DIgE mð Þ � DOVA mð Þ

¼ ò
m

0
DIgE m � xð Þ � DOVA xð Þdx;

and the mass distribution of the IgE·(OVA)2 complexes was 
calculated in a similar fashion. The total ionic signal was mod
eled as 

Itotal
calc: μð Þ ¼

X

z

AIgE
z � DIgE zμ � 1:008� zð Þ þ AIgE�OVA

z � DIgE�OVA

zμ � 1:008� zð ÞAIgE� OVAð Þ2
z � DIgE� OVAð Þ2

zμ � 1:008� zð Þ

0

B
@

1

C
A;

and the charge state amplitudes Az were optimized to obtain 
best fits of the calculated ionic signal intensity with each mass 
spectrum shown in Figure 3. Two representative results (for the 
1:1 and 2:3 IgE/OVA mixtures) are shown in Figure 5.

Consistent with the expectations, the relative contributions of 
the three species to the overall ionic signal at m/z > 6,500 in the 
mass spectra of the IgE/OVA mixtures change in concert with 
the decreasing antibody/antigen molar ratio in solution 
(Figure 6). Although the relative abundance of the ionic signal 
in ESI MS depends on a variety of factors in addition to the 
fractional concentration of the analyte in solution,33 the latter 
certainly correlates strongly with the signal intensity.34 The 
relative abundance of the three high MW species (IgE, 
IgE·OVA and IgE·(OVA)2) whose presence is revealed by native 
MS was also extracted from the SEC profiles of the IgE/OVA 
mixtures across the range of the antibody/antigen ratios. These 
two sets (derived from native MS and SEC) cannot be compared 
directly, since one of them (native MS) correlates with molar 
concentrations, while the UV absorbance (used to quantitate 
proteins in SEC) correlates with the weight concentrations.34 

Although the absence of the precise amino acid sequence infor
mation (and, therefore, the exact number of aromatic residues 
contributing to the absorption at 280 nm) within the antibody 
does not allow the two data sets to be compared in 
a straightforward fashion, molar absorptivities of IgE·OVA and 
IgE·(OVA)2 can be estimated simply by summing the molar 
absorptivities of the constituents of these complexes. This allows 
the SEC-derived abundance of IgE, IgE·OVA and IgE·(OVA)2 to 
be converted to the molar concentration format and compared 
directly to the native MS-derived data.

The analysis of both SEC and native MS data reveals similar 
trends vis-à-vis evolution of molar abundances of IgE, 
IgE·OVA and IgE·(OVA)2. As expected, the abundance of the 
antigen-free antibody decreases upon the increase of OVA 
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concentration, while the relative abundance of IgE·(OVA)2 
monotonously increases. The abundance of IgE·OVA reaches 
its maximum in the 1:1 antibody/antigen mixture, followed by 
its decrease in higher-stoichiometry mixtures. Overall, there is 
a remarkable agreement between the SEC and ESI MS-derived 
datasets shown in Figure 6, suggesting that the quantitative 
information on IgE and its complexes with the antigen pro
vided by native MS is surprisingly accurate (despite common – 
and justified – reservations related to using ESI MS as a means 
of quantitation33).

Discussion

The use of intact-mass MS analysis is steadily growing in 
popularity in the field of biopharmaceutical analysis,35 and its 
applications have been particularly successful in the realm of 
mAb structural characterization.36 In our study, this technique 
was indispensable for determining the average mass of the 
intact IgE molecules and identifying the range of masses popu
lated by these heterogeneous mAbs. The analyses of both the 
crude commercial sample and the purified IgE yielded a mass 
of 204.6 ± 4.2 kDa, with the mass spread being defined as 
a range harboring 95% of all protein species (vide supra). 
This number is notably higher than the estimates of the IgE 
mass provided in the current literature, for example, 190 kDa 
mentioned by Pomés et al.37 While the exact masses of indivi
dual IgE molecules obviously vary depending on the composi
tion of the variable regions and the extent of glycosylation, the 
commonly used estimates take into account the presence of an 
“extra” domain within the heavy chain of the antibody (com
pared to the G-isotype), bringing the total number of domains 
within the dimeric form of the protein to 14 (and the total 
polypeptide chain mass to ca. 170 kDa). This number is very 
close to the polypeptide mass that is estimated by using the 
amino acid sequence of the constant region of the mouse IgE 
heavy chains, domains CεH1-CεH4 (P06336, 60,990 Da) with 
the VH domain mass estimated using the so-called “averagine” 
mass38 for the 123 residues (13,669 Da) at the N-terminus of 
the heavy chain and adopting the average mass of the light 
chains of the κ-type (23,373 Da39) as an estimate for the IgE 
light chain mass. This allows the glycan-free mass of the IgE 
molecule to be estimated as 168.7 kDa. The IgE extent of 

glycosylation is high (compared with IgG molecules), with 
seven N-glycosylation sites located within a single heavy 
chain of human IgE (of which only six are usually occupied9), 
and two additional N-glycosylation sites per each heavy chain 
of the mouse IgE (located within the Cε4 domain, which is 
glycan-free in human IgE molecules).40 Although each glyco
sylation site displays notable micro-heterogeneity vis-à-vis gly
can composition, eight of nine sites feature predominantly 
complex-type biantennary glycans HexNAc6Hex4Fuc1, and 
one is predominantly a high-mannose type chain HexNAc2 
Hex5.40 The cumulative mass of these nine glycans is 
17,319 Da, corresponding to a total carbohydrate mass of IgE 
upwards of 34.6 kDa and bringing the total IgE mass average to 
203.4 kDa, a number that is remarkably close to the average 
intact protein mass we measured by native MS supplemented 
with LCR. Importantly, native MS also reveals a remarkable 
width of the mass range populated by the intact IgE molecules 
(spanning a range of ca. 8 kDa). While this range may seem 
unreasonably extensive, an estimate of the total span of the IgE 
glycan mass distribution based on the recent study by Shade 
et al., who documented the entire complement of glycans 
within a mouse IgE molecule,40 results in a comparable, but 
somewhat smaller number, 5 kDa (see Figure S6 in the 
Supplementary Material for more detail).

Although intact mass analysis can be carried out under 
denaturing conditions, maintaining near-native conditions in 
solution during the MS analyses provides additional benefits, 
such as the reduced spectral crowding (for the ionic signal at 
lower charge states z) and the possibility to assess the confor
mational integrity of the macromolecules.41 The drawbacks of 
denaturing ESI-based MS may be overcome in some instances 
by the application of the gas-phase charge reduction tools,42 

but it cannot be used for structural characterization of complex 
protein therapeutics comprising multiple subunits that are 
assembled together by non-covalent interactions, for which 
naive MS readily provides information on the composition 
and stoichiometry of the non-covalent complexes.43 However, 
even single-polypeptide chain biotherapeutics, as well as multi- 
unit proteins comprising several distinct polypeptide chains 
that are covalently linked to each other via disulfide bonds 
benefit from native MS analysis, as it allows the protein com
pactness in solution to be evaluated by monitoring the shapes 
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Figure 6. Relative abundance of IgE and its complexes with the antigen (OVA) in solutions with varying IgE/OVA ratios derived from SEC (top) and native ESI MS 
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of the protein ion charge state distributions in the mass 
spectra.30 Protein compactness in solution is directly related 
to the integrity of its higher order structure,44 an important 
CQA for all protein therapeutics, including mAbs.35 While this 
approach is relatively straightforward when applied to proteins 
exhibiting modest levels of heterogeneity (such as mAbs of the 
G isotype), extracting meaningful information from native MS 
data for highly heterogeneous systems could be challenging. 
Indeed, the ionic signal representing the putative partially 
unfolded macromolecules populates the lower m/z region of 
the mass spectrum (compared to their natively folded – and 
therefore compact – counterparts), where it may overlap with 
the signal representing macromolecular fragments (or other 
possible degradation products). The distinction between the 
misfolded states of the intact macromolecules and their frag
ments can be difficult/impossible to make when relying only on 
traditional MS tools, as was the case in the recently reported 
analysis of a stressed synthetic vaccine (a heavily haptenated 
immunogenic carrier protein – detoxified diphtheria toxin, 
CRM197).18 The mass spectrum of the crude IgE sample 
(Figure 1) also displays an abundant signal in the lower m/z 
region (< 6,000), and even though some spectral features 
clearly indicate the presence of the low MW impurities (e.g., 
based on the spacing between the peaks in the m/z region 
3,000–4,000), the presence of the partially unfolded IgE mole
cules (which would be represented by protein ions with high 
z values) cannot be ruled out either. It is the LCR measure
ments that provide unequivocal evidence that in this particular 
case the entire ionic signal at low m/z values represents low 
MW impurities, without any contribution from the unfolded 
states of the intact IgE molecules. Since the intact-mass MS 
measurements do not provide any structural information, it is 
not possible to identify these impurities based solely on the 
measurements presented in this work. It is not unreasonable to 
assume that these impurities are in fact various fragments of 
the IgE heavy chain. For example, a putative polypeptide span
ning domains HCε2 through HCε4 should have a mass of ca.75 
kDa; accounting for glycosylation and further fragmentation 
may cover the entire range of masses populated by the impu
rities. However, elucidation of the exact nature and structure of 
these impurities will require orthogonal methods of analysis 
and is beyond the scope of this work.

Above and beyond facilitating intact-mass analysis of the 
monoclonal IgE and impurities, LCR readily enables mean
ingful interpretation of native MS studies targeting interaction 
of this antibody with its antigen (Figures 4–5). Native MS has 
been steadily gaining popularity in many areas of macromole
cular assembly analysis,41 including studies of antibody/anti
gen interactions7,45,46 (although all such studies were focused 
on antigen binding by IgG molecules or their fragments). 
Antibodies of other isotypes exhibit notably higher levels of 
glycosylation, making applications of native MS to such sys
tems extremely challenging. The approach presented here 
allows common MS instrumentation to be used for detection 
and characterization of intact the IgE/antigen complexes 
despite their high mass and the extreme degree of structural 
heterogeneity exhibited by the antibody (with the total carbo
hydrate content accounting for ca. 17% of the protein mass). 
The ability to observe and quantify intact immune complexes 

formed by IgE antibodies provides an important dimension in 
their characterization, which is complementary to the local 
structural information that can be obtained by fragmenting 
highly heterogeneous antibodies in solution47,48 or in the gas 
phase.49,50 Until recently, electron microscopy remained the 
only means of direct detection and stoichiometry analysis for 
intact complexes containing IgE molecules,51 but the data 
interpretation (based on the negative stain image analysis) 
was not straightforward.

As used here, native MS supplemented with LCR allows 
unequivocal stoichiometry assignment for IgE/antigen com
plexes to be made and their fractional concentrations to be 
evaluated even when complexes with a range of different stoi
chiometries are present in solution (Figure 5). This feature will 
be indispensable for native MS studies that aim at obtaining 
affinity information on IgE interactions with its physiological 
partners using either ligand titration methods46 or ligand com
petition/displacement assays52 previously applied to smaller 
and less heterogeneous proteins. Above and beyond its utility 
for characterization of therapeutic monoclonal IgE interactions 
with its physiological targets/antigens, native MS supplemen
ted with LCR opens a host of exciting opportunities in the 
studies of anti-IgE biotherapeutics,53 where IgE mAbs are used 
as model targets. Lastly, even though the MWs of the IgE/ 
antigen complexes examined in this work were relatively mod
est (below 300 kDa), the ability of native MS and LCR to extract 
meaningful information on much larger macromolecular 
assemblies has been also demonstrated.43,54 This indicates the 
approach presented here should be applicable to the studies of 
large immune complexes with multiple IgE molecules tethered 
to a large polyvalent antigen, the triggers of the allergic and 
anaphylactic reactions.

Materials and Methods

Materials and sample preparation

Mouse monoclonal anti-OVA IgE PMP68 was purchased from 
Bio-Rad (Hercules, CA), and used with and without SEC 
purification using an XBridge Protein BEH200 (Waters 
Corp., Milford, MA) column. OVA was extracted from chicken 
egg white using a procedure described in detail elsewhere.55 All 
protein solutions for MS analysis were prepared in 150 mM 
ammonium acetate, pH 7. All solvents and chemicals in this 
work were of analytical grade or higher.

Mass Spectrometry

All MS measurements were carried out with a Synapt G2Si 
(Waters Corp., Milford, MA) hybrid quadrupole/time-of-flight 
mass spectrometer equipped with a nanospray ionization 
source. The following set of parameters was used in the ESI 
interface region: capillary voltage, 1.6 kV; sampling cone vol
tage, 5 V; source offset, 80 V; trap CE, 4 V; trap DC bias, 3 V; 
and transfer CE, 0 V. Isolation of ionic populations in the trap 
cell for subsequent LCR measurements was performed by set
ting the quadrupole LM resolution values in the range of 4.0– 
4.5. Charge reduction of the selected polycationic ions was 
triggered by introducing 1,3-dicyanobenzene anions after 
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setting the trap wave height to 0.2 V and optimizing the dis
charge current. The initial processing of MS data was carried 
out using the built-in MassLynx software, followed by addi
tional processing using the Anaconda distribution of Python 3. 
Convolution of mass distributions was performed using a Fast 
Fourier transform-based algorithm implemented in SciPy 
library tools. Fitting of the raw signals in native MS data and 
SEC was done using Levenberg-Marquardt algorithm.

Abbreviations
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