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ABSTRACT: Native top-down mass spectrometry (MS) is
gaining traction for the analysis and sequencing of intact proteins
and protein assemblies, giving access to their mass and
composition, as well as sequence information useful for
identification. Herein, we extend and apply native top-down MS,
using electron capture dissociation, to two submillion Da IgM- and
IgG-based oligomeric immunoglobulins. Despite structural sim-
ilarities, these two systems are quite different. The ∼895 kDa
noncovalent IgG hexamer consists of six IgG subunits hexamerizing
in solution due to three specifically engineered mutations in the Fc
region, whereas the ∼935 kDa IgM oligomer results from the
covalent assembly of one joining (J) chain and 5 IgM subunits into
an asymmetric “pentamer” stabilized by interchain disulfide
bridges. Notwithstanding their size, structural differences, and complexity, we observe that their top-down electron capture
dissociation spectra are quite similar and straightforward to interpret, specifically providing informative sequence tags covering the
highly variable CDR3s and FR4s of the Ig subunits they contain. Moreover, we show that the electron capture dissociation
fragmentation spectra of immunoglobulin oligomers are essentially identical to those obtained for their respective monomers.
Demonstrated for recombinantly produced systems, the approach described here opens up new prospects for the characterization
and identification of IgMs circulating in plasma, which is important since IgMs play a critical role in the early immune response to
pathogens such as viruses and bacteria.

■ INTRODUCTION

Early control of viral and bacterial infections is dependent on
innate natural antibodies. Among those, immunoglobulins M
(IgM) are critical to the initial humoral immune response.1−3

Via their ability to recognize modified self-components and
altered cells displaying specific patterns such as carbohydrates,
glycolipids, and repetitive structures, IgMs also contribute to
immunosurveillance mechanisms against precancerous and
cancerous cells.4,5 Consequently, IgMs are promising agents
for immunotherapy.4,6

IgM’s high molecular weight, high number of isoforms, and
rather complex structure poses, however, a challenge to both
therapeutic and diagnostic applications. The vast majority of
IgMs consists of five identical subunits and one joining (J)
chain assembled into an asymmetric pentamer.7−9 Besides
being present in the gastrointestinal tract, lymphatic vessels,
mucosal tissues, bone marrow, and so forth, pentameric IgMs
(with J-chain) also represent about 30% of the blood-
circulating immunoglobulins.10 Similarly to other isotypes,

IgM’s subunits are formed by two heavy chains (HCs), each
paired to one light chain (LC) and stabilized by intra- and
interchain disulfide bonds.11 Stabilization of the pentameric
assembly relies on interactions of the C-terminal of the HCs
involving inter-subunit disulfide bonds, the formation by the
C-terminal 18 amino-acid-long secretory tailpieces of a central
β-sandwich structure, and bonding to the J-chain.8,9,12 The
mature J-chain contains eight cysteine residues with two
involved in disulfide bonds with an IgM HC and the other six
forming intrachain disulfide bridges.13

IgM naturally forms oligomers, whereas IgGs are thought to
predominantly exist as monomers. The introduction of specific
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mutations in recombinant IgG1s can, however, induce the
formation of stable IgG hexamers in solution.14−16 Compared
to disulfide-stabilized IgMs, these hexameric IgG1s are
characterized by more mobile Fab regionsreduced steric
hindrance related to the long IgG hingewhich may facilitate
binding to low-accessibility or close-to-the-membrane epito-
pes.14 The therapeutic potential of these induced IgG
hexamers is currently being investigated, especially for their
role in complement activation.17−20

Here, we aim at analyzing these very large and important,
albeit structurally complicated, oligomeric immunoglobulins,
through the application of native top-down mass spectrometry
(nTDMS).21−24 Relying on the fact that native MS transfers
the molecules to the gas phase under conditions retaining their
structural features, native top-down proteomics should provide
access to the sequence of the proteins’ subunits and an insight
into its post-translational modifications and higher-order
structure. It has become apparent that inducing fragmentation
in native top-down proteomics requires moving beyond the
well-established activation method of collision-induced dis-
sociation (CID) as this rather slow heating process often
induces too little fragmentation when applied to these very
high mass systems.25−27 Several groups have explored
alternative fragmentation methods for nTDMS, such as
surface-induced dissociation,28 photon-induced dissociation
(UVPD and IRMPD),29−36 electron transfer dissociation,36,37

and electron capture dissociation (ECD).22,34,35,38−46

Here, we discuss the performance and characteristics of
ECD (comparing it with CID) in the native top-down
characterization of two ∼1 MDa immunoglobulin oligomers,
making use of (1) a recombinant IgM pentamer with J-chain
targeting the wall teichoic acids (WTA) antigen (molecular
weight of approximately 937,500 Da) and (2) an engineered
recombinant IgG1-RGY hexamer (molecular weight of
approximately 895,300 Da) targeting CD52.
We a priori hypothesized that the native top-down analysis

of these two systems would be analytically very challenging or
even impossible, for various reasons. First, their size and high
mass (close to 1 MDa) make them challenging to ionize and
analyze by MS. Second, their vast structural complexity
especially for the (IgM)5J pentamer with J-chain resulting
from disulfide bonds and glycans, leads to heterogeneous mass
distributions and complicates fragment ion formation. Third,
being built of roughly 7000 amino acids, extensive backbone
cleavage by nTDMS may theoretically result in overwhelm-
ingly complex fragmentation spectra.
We showed in previous work that ECD without

supplemental activation of monomeric IgG (∼150 kDa) and
IgA (∼165 kDa) variants can result in very clean and
interpretable fragmentation spectra dominated by (c/z·)
fragment pairs without side-chain cleavages.45,46 Targeting a
single type of bond for fragmentation reduces spectral
congestion and the dilution of signal intensity in the
(n)TDMS spectra of native intact antibodies.47,48 The
conservation of inter- and intrachain disulfide bridges under
ECD conditions also results in straightforward-to-read c-ion
sequence ladders from sequence segments outside regions
bridged by disulfide-bridged loops. For the system studied, the
fragments cover the LC’s and HC’s CDR3s, as well as the
sequence segments, immediately downstream without inter-
ference of fragments from other parts of the protein. Testing
the ECD nTDMS approach on all IgG subtypes (IgG1, IgG2,
IgG3, and IgG4) and an IgA1 proved the method to be

generally applicable to monomeric immunoglobulins even
when they are heavily glycosylated.47,49

As an ambitious follow-up, we here explore the application
of ECD without supplemental activation to the 5−6 times
larger covalently-linked J-chain-coupled IgM pentamers and
the noncovalently associated IgG1 hexamers. ECD without
supplemental activation of these ∼900−950 kDa assemblies
primarily leads to extensive electron capture without
dissociation (ECnoD) with sometimes up to 40 electrons
captured by the precursor ions. However, in the low m/z range
of both the J-chain-coupled IgM pentamers and IgG1-RGY
hexamers, informative fragment ions are observed, which yield
sequence information for the complementarity-determining
regions (CDRs), similarly to the monomers. When comparing
ECD and CID fragmentation behaviors for these systems, we
observe that informative sequence tags from the variable
regions of oligomeric IgG and IgM are favorably generated by
native top-down ECD. The different nature of these two
immunoglobulin oligomers, one, a highly glycosylated
covalently linked heterohexamer and the other a noncovalent
homohexamer, does not seem to significantly impact the
formation of the CDR sequence-informative low m/z frag-
ments. As in the case of refs 45 and 46, ECD appears here
directed by charge localization in the vicinity of the N-terminal
regions. Consequently, the present approach suggests that
serum-purified IgM molecules could also, in principle, be partly
de novo sequenced by this native top-down approach, thereby
facilitating the analysis of this important class of antibodies.

■ MATERIALS AND METHODS
Samples. The monoclonal aWTA (IgM)5J was provided by

S. Rooijakers (Medical Microbiology, UMCU, The Nether-
lands). The aCD52 hexamer-forming IgG1-RGY mutant14,16

was provided by Genmab (Utrecht, The Netherlands).
Preparation of Intact (IgM)5J and RGY-IgG1 Hexamer

Samples for Native Top-Down MS Analysis. Prior to the
native top-down analysis, the storage buffer was exchanged to
aqueous 150 mM ammonium acetate (pH ∼ 7.0) through six
consecutive dilutions and concentration steps at 4 °C using
Amicon Ultra centrifugal filters with a 10 kDa molecular
weight cutoff (Merck KGaA, Darmstadt, Germany). (IgM)5J
and hexameric IgG-RGY concentrations used for native
electrospray ionization MS were typically around 2 μM
(concentration of the monomer).

Native Top-Down ECD and CID MS. Top-down MS of
native immunoglobulin oligomers (and monomers) was
performed on an ultrahigh mass-range (UHMR) Q-Exactive
Orbitrap (Thermo Fisher Scientific, Bremen, Germany) using
a built-in collision cell and an ECD cell developed by e-
MSion.50 Electrospray involved a nanospray source using
emitters produced from borosilicate capillaries by a P-97 Sutter
puller (Novato, CA, USA). ESI voltages were in the 1.0−1.4
kV range, the source temperature was set at 275 °C, and the S-
lens RF was set at 200 (service mode). The in-source trapping
desolvation voltage was set to −100 V as it corresponds to an
optimum in terms of fragmentation.51 Using ion transfer
parameters optimized for high m/z ions, the (IgM)5J or (IgG)6
intact precursor ions were guided to the quadrupole, where
they underwent mass selection using windows narrowed to the
intact precursor charge distribution (see Table S1). The ions
were then transferred into the ECD cell, where they were
transmitted in the absence of electrons to the HCD cell for
CID or subjected to electron capture dissociation for ECD.
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The small permanent magnets responsible for the radial
confinement of electrons emitted by a cathode and the
additional electrodes responsible for the electron cloud
longitudinal confinement ensured efficient ion transfer to the
HCD cell in both cases. Upon transfer from the ECD cell to
the HCD cell following electron capture, potential post-ECD
collisional activation was kept to a minimum (HCD Direct eV
setting = 1 or 0) to avoid (b/y) ion formation and to
concentrate the fragment signal intensity into the c- and z-ions
of interest, while for CID, an HCD direct eV setting = 200 was
used (Figure S1 and Table S1). The analyzer injection
parameter, CE-Inject (V) UHMR, was initially kept to its
standard value of 3200 for high m/z ions. This ensured optimal
detection of the high m/z precursor ions but proved
detrimental to the recording of fragments in the 1000−3000
m/z range as the third harmonic fraction of the precursor ion
signal then overlapped with the fragment ions. To reduce
interference via the optimization of trajectories in the analyzer
for low m/z ions, we set the CE-Inject (V) UHMR parameter
to 3700, which considerably increased the low m/z ion signal
while suppressing the signal (third harmonic included)
corresponding to the intact precursor. The 3700 value reduces
the recording time and facilitates processing (e.g., it removes
the need for baseline subtraction), but it does not affect the
number of detected fragments for high-quality spectra. It is
worth noting that operating at a low pressurethe UHV
readout is under the range, indicative of a pressure below 5 ×
10−11 mbar close to the analyzer region of the instrumentis
also beneficial to the recording of high-resolution spectra as it
enables the detection of long transients with limited dephasing
by collisions. Overall, the HCD cell trapping and extraction
parameters were optimized for operation under low nitrogen
collision gas pressure conditions. All spectra were acquired
with the noise threshold parameter set to 3.64 at a set
resolution of 280,000 @ m/z 200. Between 5000 and 10,000
scans were averaged for each spectrum.
Data Analysis. Processing of the ECD fragmentation

spectra involved the conversion of raw files to the mzML
format by Proteowizard.52 We used the MSDeisotope Python
library (Joshua Klein, Boston University CBMS)53,54 with a
minimum_score = 10.0 and mass_error_tolerance = 0.02 to
generate a charge-deconvoluted spectrum with all the isotopic
peaks retained.53,54 Fragments were assigned by applying
LcMsSpectator (Pacific Northwest National Laboratory)55,56

to the charge-deconvoluted spectra generated by MSDeiso-
tope. The accuracy threshold was set to 3 ppm for all
assignments following recalibration of the fragment’s m/z via
shifting by the average error on assignable c-ion fragments. The
results were exported as tsv files for further analysis. Sequence
assignment accommodated the major ECD (a·, c, x, z, z·) or
CID (b,y) ion types without considering H2O and NH3 neutral
losses, except when explicitly mentioned.

■ RESULTS AND DISCUSSION
Structures and Native Mass Spectra of the Studied

IgM- and IgG-Based Oligomeric Immunoglobulin
Molecules. The here-studied immunoglobulin oligomers,
the (IgM)5J pentamer (with J-chain) and (IgG1)6 hexamer,
are quite different in structural organization, with the first one
being a highly glycosylated and covalently linked heterohex-
amer (pentamer with J-chain) and the second one being a
noncovalent homohexamer, as schematically depicted in Figure
1. The recombinant production of the hexamerizing IgG1-RGY

is reasonably straightforward and similar to the production of
normal IgG1 antibodies, whereby the inclusion of the RGY
mutations promotes extensive hexamerization in solution, as
previously described.14,20,57 The production of recombinant
IgM, especially in its (IgM)5J “pentamer” format, is less
straightforward as it requires the appropriate coexpression of
the joining J chain and IgM subunits and the correct formation
of all inter- and intrachain disulfide bridges (Figure 1A,B).
Here, a pure aWTA (IgM)5J pentamer (with J-chain) was
recombinantly expressed and purified by SEC.
In Figure 1, we depict native MS1 spectra of the aWTA IgM

pentamer coupled to the J-chain and spectra of the aCD52
IgG1-RGY hexamer. For the aWTA (IgM)5J, a single charge-
state distribution is observed in the 12,500 < m/z < 16,000
range. Glycosylation of the aWTA IgM is quite heterogeneous,
resulting in a broadening of the peaks. Although the presence
of all these glycans hampers an accurate mass analysis, a mean
average mass of 937,500 Da could be extracted from these
data, which is in line with the theoretically expected mass of
the (IgM)5J. The native MS spectra of the aCD52 IgG1-RGY
mutant reveal charge states corresponding to IgG monomers
and lower abundant dimers and trimers that co-occur with the
IgG1 hexamers, a direct consequence of the noncovalent
interactions stabilizing the assembly of the dynamical equilibria
taking place in solution. Compared to the aWTA IgM, the
aCD52 hexameric IgG1 contains a much more homogeneous

Figure 1. Schematic structures and native MS1 spectra of oligomeric
immunoglobulins. (A,C) Structure and native MS1 spectrum of the
aWTA IgM pentamer with the J-chain, respectively, and (B,D)
structure and native MS1 spectrum of the aCD52 IgG1-RGY
hexamer, respectively. While, in (IgM)5J, the IgM’s monomers and
J-chain are connected by interchain disulfide bonds, the IgG1
monomers forming the IgG1 hexamers assemble noncovalently. (C)
The MS1 spectrum of the aWTA IgM displays a single charge
distribution with charge state broadening resulting from the presence
of multiple heterogeneous glycans on each monomer. Although
heterogeneity and glycan lability hamper an accurate mass analysis, a
mean average mass of 937,500 Da could be extracted from this high-
resolution data set. (D) In the MS1 spectrum of the aCD52 IgG1-
RGY, monomers, dimers, and trimers co-occur with the hexamers, a
direct consequence of the noncovalent interactions stabilizing the
assembly and of the dynamical equilibria taking place in solution. An
average mass of 895,300 Da could be extracted from these data for the
hexamer, indeed being within the experimental error 6 times that of
the monomer mass.
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glycosylation profile, as can be expected from the smaller
number of glycosylation sites: IgG1’s HCs harbor one N-linked
glycosylation site in the fragment-crystallizable (Fc) region.
Therefore, the ion signals in Figure 1D are much sharper than
those in Figure 1C. The spectra shown in Figure 1D and the
extracted masses are in excellent agreement with previously
reported data for the IgG1 RGY constructs.20

Native Top-Down MS of Oligomeric Immunoglobu-
lins by CID. As displayed in Figure 2, we first performed CID

on mass-selected aWTA (IgM)5J and aCD52 hexameric IgG1
assemblies. In peptide and protein centric MS, CID is still the
most ubiquitous activation technique. Applied to large
noncovalent assemblies, it typically results in the release of
one or more subunits carrying most of the complex charge: a
process called asymmetric dissociation.58,59 Here, we could
only achieve CID by using the highest available collision
energies, that is, CID of such large systems is demanding.
Applied to precursor ions of aWTA (IgM)5J (Figures 2A and
S2A) carrying 66 charges, CID primarily results in the release
of the intact IgM LCas a result of disulfide bond cleavage.
Additionally, limited backbone cleavage yields small sequence
tags formed by b-ions covering part of the LC’s constant
regions (in the m/z window below 5000). Contrastingly, for
the precursor ions of the aCD52 hexameric IgG1 assembly
which carry ∼74 charges (Figures 2B and S3A), the primary
observed CID channel is the ejection of IgG monomer ions, as
expected from this noncovalent assembly. These monomer
ions take, upon release, on average, one-third of all charges of
the precursor ions. Secondary lower abundant dissociation
channels correspond, for the hexamer, to dimer ejection and
the formation of a small sequence tag made of b-ions covering
part of the LC’s constant region (in the m/z window below
5000). Overall, obtaining sequence information from large
(∼900 kDa) Ig complexes using CID is challenging because of
the many observed competitive dissociation channels, over-
lapping ion signalsthe result of extensive water and ammonia
lossesas well as signal broadening, when recording ion
signals (transients) at a resolution of 280,000 @m/z 200 and a

pressure setting of 1.0. Short CID sequence tags determined at
a 3 ppm accuracy (Figures S2B and S3B) can nevertheless
contribute valuable information by confirming ECD de novo
assignments.

Native Top-Down MS of Oligomeric Immunoglobu-
lins by ECD. While CID of large protein assemblies mostly
results in subunit ejection, ECD is known to preferentially
generate backbone fragments.60 Practically, the addition of an
electron to a cationic protein increases its internal energy by
6−7 eV of which about 3 eV is used to cleave the backbone
and form (c, z·)-ion pairs, while the residual energy contributes
to fragment separation (the intermolecular hydrogen bond
energies range from −6 to −3 kJ/mol or −0.06 to −0.03
eV).61,62 The efficiency of fragment generation by ECD can
however be low, especially for large protein assemblies, as
precursor ions are known to capture up to tens of electrons
without fragmenting, a process sometimes referred to as
ECnoD.23 Applied to the precursor ions of the aWTA IgM and
aCD52 hexameric IgG1, ECD yields precursor ions having
captured tens of electrons, as shown in Figures 3A,B and S4, as

well as Figures 3C and S10 (m/z regions above the original ion
signals). These ECnoD ions are unfortunately not very useful
for sequencing and structural elucidation. Gratifyingly, in the
500 < m/z < 3000 region, a variety of fragment ions are
observed, which are the result of ECD cleavages in the
backbone of the immunoglobulin oligomers, as discussed
below.
Optimizing ECD on a UHMR Q-exactive requires reducing

the kinetic energy of the ions in order to maximize residence
time in the ECD cell to facilitate efficient electron capture. A
significant fraction of the kinetic energy transferred to the ions
by the electrospray process and the drag force exerted by the

Figure 2. Native top-down CID MS2 spectra of IgM- and IgG-based
oligomeric immunoglobulins. (A) CID MS2 spectrum of the aWTA
IgM precursor ion signal (z ∼ 74) overlapping with high m/z product
ions in the upper m/z range, while isotopically resolved intact LCs
and backbone fragments are detected below m/z 5000. (B) CID MS2
spectrum of the aCD52 hexameric IgG1 precursor ion (z ∼ 66) at
high m/z, intact IgG1 monomers, and lower abundant IgG dimers in
the 3500 ≤ m/z ≤ 12,500 range, and backbone fragments below m/z
3500. A Gaussian filter has been applied to the high m/z range with
the resulting spectrum overlapping the raw data (in gray).

Figure 3. Native top-down ECD MS2 spectra of IgM- and IgG-based
oligomeric immunoglobulins. (A,B) ECD MS2 spectra of the aWTA
IgM assembly and (C) ECD MS2 spectra of the aCD52 hexameric
IgG1 assembly. (A,C) ECD MS2 spectra taken with the “Analyzer
CE-Inject (V) UHMR” at its default value of 3200, displaying the
precursor ion signals and the ECnoD product ions at high m/z and
backbone fragments below m/z 3000, respectively, for the aWTA IgM
and the aCD52 hexameric IgG1 assemblies. (B) ECD MS2 spectrum
of the aWTA IgM assembly taken with the “Analyzer CE-Inject (V)
UHMR” at a value of 3700, optimized for “low m/z” fragment ion
detection. * denotes noise peaks.
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gas entering the instrument can be removed by performing
extensive in-source trapping. On our setup, in-source trapping
also serves to increase the internal energy of the precursor ions.
We determined that by using a desolvation potential of −100
V, ECD fragment abundances were maximized for compounds
ranging from Fab, F(ab’)2, and intact Igs to the here-studied
close-to-MDa oligomeric Igs. There are likely two reasons
contributing to this observation. First, as described by Loo and
co-workers, ion-pair/salt-bridge rearrangements can occur
upon collisional activation,59 which in turn impacts the
hydrogen bonding interactions that contribute some of the
radical hydrogens ultimately responsible for backbone
cleavages and the more efficient formation of c and z·
fragments.63 Second, by increasing the ions’ internal energy, we
bring them closer to the dissociation threshold of the
noncovalent interactions stabilizing the c and z· ion pairs and
thereby facilitate their separation.21,44

Upon release from the source trap, minimized potential
differences transfer the precursor ions first to the quadrupole
where they are mass-selectedthen to the ECD cell where
they undergo electron capture. Following their transmission
through the ECD cell and C-trap, the ionsat this stage, a
mixture of precursors and fragmentsare trapped in the HCD
cell. Reduced kinetic energies and pressure allow efficient
trapping of fragments with the m/z up to a few thousands,
while the precursor ions and the high m/z product ions
responsible for the third harmonic interference, interfering
with the low m/z fragment signal, are suppressed. Orbitrap
measurements of large protein assemblies in the hundreds-of-
kDa range are known to yield spurious frequencies, of which
the third harmonic is the most problematic one as it overlaps,
for precursors with m/z ranging from 10,000 to 30,000, with
fragments about the 1−3 kDa range (Figure S13). High m/z
signal suppression at low pressure is a consequence of the
limited stopping power of the low-pressure buffer gas used to
trap ions in the HCD cell.
In Figure 3A, we demonstrate that high-quality ECD

fragment signals can be obtained for an aWTA IgM while
retaining the detection of the charge-reduced precursor. Upon
decreasing the analyzer’s “CE-Inject (V) UHMR” setting from
3700 to 3200, we obtain the spectra as shown in Figure 3B
with significantly improved signal-to-noise ratio and complete
suppression of the precursor signal and its third harmonics.
Charge deconvolution of the spectra of Figure 3A,B yield the
m/[z = 1] spectra displayed in Figures (S5, S6) and (4, S8, and
S9), respectively.
Remarkably, similar to other monomeric Ig types and their

subclasses, ECD of these very large ∼MDa oligomeric Igs, also
results in backbone cleavages primarily in the LC’s and HC’s
sequence segment outside the disulfide loops bridging the
variable and the CHμ1 regions. For both the HC and LC, the
sequence tags cover close to the whole range outside the
disulfide loops with the gaps mostly filled, in the LC case, by a-
ions. This remarkable feature illustrates that even for a ∼930
kDa “heterohexamer” consisting of five intact IgMs and one J-
chain, all extensively and covalently linked with each other in
the (IgM)5J assembly, the native top-down ECD can produce
informative sequence tags from the variable regions of IgMs.
The (IgM)5J assembly studied here was recombinantly
produced by coexpressing the IgM and J chains together,
whereafter the full assembly was purified. By expressing IgM
without coexpression of the J-chain (data not shown), IgM is
formed in a variety of oligomeric states, with the tetramer,

pentamer, and hexamer being the most abundant57 and also
with quite some IgM monomers expressed. Using this sample,
we were able to produce and study, by native top-down ECD,
the fragmentation behavior of the ∼184 kDa aWTA IgM
monomer, that is, having exactly the same sequence as the
aWTA IgM present in the here-studied ∼935 kDa pentamer
(+J chain). Comparison of the native top-down ECD m/[z =
1] spectra for the intact aWTA IgM with the J-chain and the
aWTA IgM monomer (Figure 4, top and bottom spectra)

reveals the high similarity between these ECD spectra.
Notably, here, the precursor ions were quite different, that is,
the 72−60 charge envelope of the ∼935 kDa and the 30−25
charge envelope of the ∼184 kDa IgM monomer. Correlation
values between these spectra are in excess of 70%. It is to be
noted that the monomer was sprayed without making use of
in-source trapping but relying on a “source fragmentation
(eV)” setting of 120 instead.
In Figure 5, the results of a similar approach are shown

comparing the ECD spectra of the aCD52 IgG1-RGY hexamer
and monomer. As in the case of the aWTA IgM with the J-
chain, high-quality ECD fragment signals can be obtained for
the aCD52 IgG1-RGY hexamer. Charge deconvolution of the
ECD fragment spectra yields ECD m/[z = 1] spectra
characterized by nearly complete sequence coverage of both
the LC’s and HC’s sequence segments outside the disulfide
loops bridging the variable and the constant regions (Figures 5,

Figure 4. Comparison of native top-down ECD fragment ion spectra
of (IgM)5J and the corresponding monomeric IgM. (A) Charge-
deconvoluted (m/[z = 1]) native top-down ECD spectra of the
aWTA IgM pentamer with the J-chain and the aWTA IgM monomer
(“Analyzer CE-Inject (V) UHMR” at 3700 in both cases). Note that
the sequence coverage of the HC stops before the cysteine bridging to
the LC (the second of the three cysteine parts of the displayed HC
sequence segment). HC c-ions are in red, LC c-ions are in purple, and
the green peaks correspond to LC a-ions. (B) Cross-correlation
analysis of the two native top-down ECD fragment ion spectra.
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S11, and S12). For both the HC and LC, a-ions fill most of the
gaps in the sequence tag, as observed previously.45,46

Comparison of the ECD m/[z = 1] spectra for the intact
aCD52 IgG1-RGY hexamer and a monomer (Figure 5, top and
bottom spectra) establishes again the high similarity between
these ECD spectra and the absence of an effect of the IgG
oligomerization on the obtained sequence coverage. Here also,
the precursor ions were quite different, that is, the 78−67
charge envelope of the ∼890 kDa and the 29−23 charge
envelope of the ∼149 kDa IgG1-RGY monomer. Correlation
values between the two spectra are in excess of 80%. It is to be
noted that the monomer was readily obtained from an aCD52
IgG1-RGY hexamer sample (Figure 1), and acquisition was
performed under identical conditions.

■ CONCLUSIONS
Over the last decades, proteomics has expanded from the
traditional peptide-centric approaches (i.e., bottom-up or
shotgun proteomics with precursor masses typically being
500 < Mw < 5000 Da) to the direct analysis of intact proteins
by the so-called top-down proteomics (with precursor masses
typically in the range 5 kDa <Mw < 50 kDa). In the past years,
this trend has been expanding even further to cover much
larger protein assemblies by the native top-down proteomics
(with precursor masses typically in the range 50 kDa < Mw <
0.5 MDa). These larger and more complex precursors require
dedicated approaches to separate, fragment, and characterize
analytes, tackled by native top-down proteomics. Here, we
successfully demonstrate that native top-down proteomics can
be extended to the important class of oligomeric immunoglo-
bulins, with MWs reaching close to 1 MDa, and that ECD

implemented on an Orbitrap UHMR can yield valuable
sequence information to characterize and partially identify
these important immune molecules. Specifically, the present
approach allowed us to get straightforward-to-read isotopically
resolved amino acid sequence ladders of c-ions (9000−16,000
Da) spanning the CDR3s and FR4s. The analysis of the intact
oligomers was validated by performing ECD of their
monomers. Only small differences (<20%) were observed
between the native top-down ECD spectra of the intact
oligomers and their monomers, suggesting a low impact of the
assembly on fragment formation.
Overall, we have demonstrated that the complexity and size

of the pentameric IgM’s (with J chain) and hexameric IgG1’s
structures do not adversely impact their ECD compared to
smaller-monomeric Igs. As in the case of IgGs and IgAs,45,46

we showed that ECD without supplemental activation could be
deliberately restricted to the highly informative hypervariable
regions outside the disulfide loops of both the LC and HC.
ECD without supplemental activation thereby proved to be
uniquely suited to the screening of all isotypes and variants of
immunoglobulins. This, in turn, may impact regulatory
requirements for the characterization of therapeutic antibodies
ranging from IgGs, IgAs, to IgMs, or, in a diagnostic context,
facilitate the screening of complex mixtures in combination
with orthogonal separation methods.
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