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Available online Immunoglobulins G (IgGs) are Y-shaped globular proteins, however, their high flexibility
and heterogeneity pose great challenges to their structure and conformation determinations. Geometric
structure of IgG closely correlates to its biofunctions, such as the antibody escape of human immun-
odeficiency virus (HIV) could attribute to the distance mismatch between the ends of two Fab arms
(antigen-binding sites) and envelope glycoprotein spikes on virion surface. Herein, we report the first
use of mobility capillary electrophoresis (MCE) and native mass spectrometry (nMS) to resolve the in-
ternal geometric structure and conformation of an IgG (trastuzumab) in solution phase. After proteoly-
sis, the ellipsoid dimensions of IgG and its subunits were measured by MCE-nMS experiments. IgG was
then reconstructed, in which the sizes and relative positions of these three subunits in three-dimensional
space were characterized. It was found that the two Fab arms have an angle of ~102.1° and a distance
of ~11.0 nm between the two antigen-binding sites under native condition, and the Fc arm was tilted
~16.0° towards one of the Fab arms. Fc was not on the plane of Fab-Fab, but has an angle of no larger
than 103.1°. Under acidic environment (pH 3.0), each subunit of the IgG would unfold into larger di-
mensions, and the angles between these subunits also change. With great potential for tumor imaging
and therapy, the structure of F(ab’), fragments was also measured and validated by molecular dynamic
simulation. It was found that the electrostatic force among these three subunits and steric hindrance

stemming from Fc help maintaining the angle between two Fab arms.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

IgG proteins are the most abundant type of antibody that pro-
tect us against infections by binding antigens with high specificity
and affinity [1]. IgG has two antigen binding fragments (Fab) and
a crystallizable fragment (Fc) which are connected by the hinge
region [2-5]. Generally, these three fragments (or subunits) form
a Y-shaped structure [6]. To bind with the vast variety of anti-
gens, IgG is highly flexible in terms of structures [7]. Moreover,
post-translational modifications (PTMs) of IgG resulted in molec-
ular heterogeneity and structural complexity [8]. As a result, only
a few intact IgG crystal structures have been solved up to date
[9-13]. Based on small-angle X-ray scattering measurements and
hydrodynamic studies, the crystallohydrodynamic approach has
been used to describe IgG solution conformations [14-16]. Even
with these advances, it is still challenging to rapidly resolve IgG
high resolution structures. Since IgG structure and bioactivity are
highly correlated, it is essential to develop relatively efficient
methods to resolve the structure and differentiate the conforma-
tions of immunoglobulin proteins.
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Owing to its high selectivity, specificity and sensitivity, mass
spectrometry (MS) has been widely used in proteomics for large
scale protein analysis. However, conventional MS technique has
limited capability in terms of protein higher-order structure deter-
mination [17-22]. Native mass spectrometry (nMS) has emerged as
a direct and rapid approach for studying intact proteins and pro-
tein complexes [23-26], especially native top-down approach was
becoming a hot topic for probing higher-order structure of proteins
[27-29]. MS has been further coupled with techniques such as ion
mobility (IM), hydrogen/deuterium-exchange (HDX) and chemical
cross linking for probing the tertiary and quaternary structures
of proteins [30-32]. For instance, IM-MS has been coupled with
molecular modeling simulations to study the conformational dy-
namics of human IgG antibodies during the electrospray ionization
process [33-35]. IM-MS and HDX-MS approaches were combined
to investigate the thermal unfolding transition characteristics
of IgG [36]. The three-dimensional (3D) structural changes of
therapeutic mAbs when exposed to degrading conditions were
investigated through diethylpyrocarbonate (DEPC) labeling [37].
The application of subzero temperature liquid chromatography
(LC) system with amide hydrogen/deuterium exchange-electron

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



W. Zhang, J. Hong, L. Yang et al.

capture dissociation (HDX-ECD) has been used to explore struc-
tural changes of therapeutic antibodies (Herceptin) [38,39]. The
proposed surface-induced dissociation (SID) in mass spectrometry
coupling with macro-molecular docking simulations have been
employed to predicted protein complex quaternary structures,
which reflects the native structures of protein complexes in so-
lution [40-42]. Recently, mobility capillary electrophoresis (MCE)
was developed in our laboratory to measure protein hydrodynamic
radius and effective charge [43]. Furthermore, protein 3D shape
and dimensions were acquired based on this MCE-nMS technique
[44]. Although MS based technique typically could not provide
high-resolution structures as those from nuclear magnetic reso-
nance (NMR) or electron microscope (EM), geometric information
also correlates to protein biofunctions. For example, trimeric
spikes embedded on virion surface has restricted mobility, and
the distance between antigen-binding sites correlated with the
neutralization potency of an antibody, suggesting that geometric
structure measurement may help elucidating antibody escape
mechanism and guide vaccine design [45].

To acquire protein finer structure information, this MCE-nMS
method was further developed in this work, and applied to char-
acterize the internal structure and conformation of an IgG protein
(trastuzumab). The full-length crystal structure of trastuzumab is
yet not available [46]. Here, the geometric structure of trastuzumab
in solution phase was characterized based on the MCE-nMS
method. Besides its overall shape and dimensions [47], the rela-
tive position and orientation of its three subunits (Fab, Fab and
Fc) were measured under native and denatured conditions. Results
agree well with existing IgG crystal structures [13], as well as those
from the crystallohydrodynamic and cryo-electron tomography ap-
proaches [14,48]. With high sensitivity, protein coarse grained ge-
ometric structure information could be acquired within minutes,
which could fill in the gap of other high resolution structural biol-
ogy techniques.

MCE experiments were performed on Lumex CE system (model
Capel 105 M, St. Petersburg, Russia), and nMS experiments were
carried out on a Waters Xevo G2-XS Tof mass spectrometer instru-
ment (Waters Corporation, Wilmslow, UK) equipped with a nano-
ESI source. IgG powder samples were purified and concentrated
using Millipore three times for 10 min at every turn. For native MS
experiment, the IgG, its subunits (Fab, F(ab’), and Fc/2), lysozyme
and cytochrome C were dissolved in 100 mmol/L ammonium ac-
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on its charge state distribution measured in the mass spectrum. A
quadratic relationship was found between the SASAs and the semi-
major axes (a). By combining MCE and native MS results, the el-
lipsoid radii (a, b and c) of a target protein could be determined
[44]. As shown in Figs. 1a and b, protein SASA and hydrodynamic
radius (R,) were acquired from nMS and MCE experiments, and
the ellipsoid radii of Fab, Fc/2 and intact IgG were then obtained:
(3.53, 3.07, 2.78) nm, (3.60, 2.95, 2.54) nm and (5.49, 5.05, 4.76)
nm. Fig. 1c plots the 3D shapes of intact IgG and its subunits, and
these 3D shapes have reasonably good agreements with their cor-
responding crystal structures. The Fc arm consists of two identi-
cal Fc/2 stems aligning parallel to each other along their major
axes [49].

As a final step, the geometric structure of IgG was reconstructed
from its subunits to obtain the values of (, f, y). As shown in
Fig. S1b, the longest dimension (2A) of intact IgG should equal to
the maximum edge length of the triangle pyramid, which could ei-
ther be the edge connecting Fab-Fab or the edge connecting Fab-Fc.
Both possibilities have actually been considered, and it was found
that the derivation would have a solution only when the edge con-
necting Fab-Fab equals to 2A (details could be found in the sup-
porting information). Thus, the angle between Fab and Fab is cal-
culated by Eq. 1

. (A
o= 2arcsm<2a> (1)

Subunits were then projected to the cross-sectional plane per-
pendicular to the longest axis (2A). Since the two Fab arms can
rotate around their major axes, the projection area of these two
Fab arms was within the range of waccos(«/2) to mabcos(a/2). The
projection area of Fc arm on this cross section was 2w a’c’cos(S).
Summation of projected areas of Fab arms and Fc should equal to
that of intact IgG, and we would have Eq. 2.

arccos 7BC — mwaccos § < B < arccos 7BC — mabcos §
2ra'c -0 2wa'c
)

Lastly, the edge connecting Fab and Fc should be no longer than
the edge connecting Fab and Fab. Therefore, the angle between Fc
and Fab-Fab plane (y) should also satisfy the following equation
(Eq. 3).

2 2
\/(Za sin % +2ad cos(wr —y) sinﬂ) + (Za cos % +2d cos(r — y)cos ﬁ) + (2a'sin(r — y))* < 2A (3)

etate to a final concentration ~ 67 pmol/L. For denatured MS ex-
periment, using formic acid (0.1%) lowers the pH (pH 3.0).

The specific geometric modeling flow of IgG was illustrated
in Fig. S1 (Supporting information). Firstly, IgG was digested and
fragmented into Fab and Fc by papain, and Ides was also ap-
plied to digest IgG into F(ab’);, and Fc/2. The proteolysis prod-
ucts were concentrated and buffer exchanged using Millipore fil-
ter (MWO:10 kDa), and a pH 7 was maintained throughout the
process. Next nMS experiments were carried out for these pro-
teolysis products. The separation and purification of proteolysis
products for MCE experiment were performed on a AKTA pure
25 system equipped with a size exclusion column (Superdex 75
increase 10/300GL) using the disodium hydrogen phosphate-citric
acid buffer at pH 7. After that, MCE experiments were carried out
for Fab, Fc/2 and intact IgG, respectively. Following the theory and
data processing method proposed earlier, MCE experiments were
carried out to measure the hydrodynamic radius. Through the na-
tive MS experiment, the SASA of the protein was acquired based

Four IgG crystal structures are currently available in the PDB
database [10-13]. Despite with these general structures available,
structural heterogeneity originated from their high flexibility
as well as diverse glycosylation modifications makes it difficult
for conventional structure analysis techniques to acquire high-
resolution structures of immunoglobulins [33,48]. The method
proposed in this study can expose the intrinsic structure of
IgG under different conditions and help us further understand
its structure-function relationship. Fig. 2a plots the geometric
structure obtained for IgG under the native condition, in which
o = 102.1°, B = 16.0° &+ 3.7°, and y < 103.1° First, it should be
noticed that due to the structural polydispersity of typical mAb
structures, these angles obtained here were the averaged angles of
trastuzumab. Second, possible ranges of 8 and y were obtained
instead of exact values. This was due to the fact that each subunit
(Fab and Fc) could also rotate along their long axis. After taking
these rotations into account in this work, the three ellipsoid
radius values obtained from MCE and nMS experiments could only
determine the ranges of 8 and y.
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Fig. 1. (a) Native mass spectra of Fab in papain digestion product, Fc/2 in Ides digestion product and intact IgG. (b) MCE experiments of Fab, Fc/2 and intact IgG. (c) The 3D
shape and dimensions of Fab, Fc/2 and intact IgG, which were compared with IgG1 crystal structures.
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Fig. 2. (a) The resolved geometric structure of IgG (trastuzumab) under native con-
ditions and its comparison with a crystal structure of IgG1 in the PDB database. (b)
The resolved geometric structure of IgG (trastuzumab) under denatured condition
(pH = 3.0).
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Results were compared with an available crystal structure of
IgG1 (1IGY) in the PDB database Fig. 2a) [13]. Furthermore, to
have a quantitative comparison, these three angles within the
crystal structure were calculated based on the centers of gravity of
each subunits (details could be found in Supporting information).
As a result, @, § and y calculated within the crystal structure
were 98.6°, 21.5° and 100.4°, respectively, which were close (with
differences < 6°) to those measured in this work. Results obtained
here were further qualitatively compared with those obtained
from the crystallohydrodynamic and cryo-electron tomography
measurements [14,48]. For instance, using the crystallohydrody-
namic method, the angles between Fabs for wild-type, mutant
human IgG3s and IgG4s in solution were measured as 80.2°, 108.0°
and 122.4°, respectively [14]. Using cryo-electron tomography, the

angle between the Fab arms of IgG2a was found to range from 88°
to 141° [48]. Both methods also found that Fc was not on the plane
of Fab-Fab. The different types of IgG used in these studies would
account for the deviations between measurements. Agreement
between different methods suggests that the method proposed
in this study could be served as an efficient and complement
method to probe the structure and conformation of different im-
munoglobulins under various conditions. Generally, the stability of
IgG is a critical property for the development of safe and effective
therapeutic protein drugs. Studying the conformational changes as
pH change in solution is notoriously difficult since many structural
biology methods have limited working parameters. To investigate
the conformational change under denatured condition, formic
acid (0.1%) was used to lower the solution pH to 3.0 [50]. Similar
experiments as those in Fig. 2 were performed to denatured IgG
as well as its corresponding subunits (Fig. S3 in Supporting infor-
mation). At pH 3.0, IgG and its subunits would possess extended
conformations, and their ellipsoid radii become: Fab (5.87, 5.30,
4.92) nm, Fc/2 (4.51, 3.84, 3.42) nm and intact IgG (9.89, 6.51, 5.08)
nm. After applying the same reconstruction procedure (Egs. 1-3), it
was found that the relative spatial arrangement of these subunits
within IgG also changes. The Fab arms would spread away from
each other with the angle («) increase from 102.1° to 114.8° As
shown in Fig. 2b, the averaged value of angle (8) changes from
16.0° to 56.8°, indicating that the Fc arm would bend further
towards the left Fab arm. Furthermore, the maximum value for the
angle y increases from 103.1° to 144.3°, suggesting that Fc also
tends to move away from the Fab-Fab plane under this denatured
condition. These angles and their standard deviations were also
listed in Table S1 (Supporting information).

As described in Fig. 2, the pH variations result in extensive un-
folding and denaturation of IgG [51,52]. The variations of «, 8 and
y, as well as increased A, B and C, indicate that overall conforma-
tional changes of IgG happened at pH 3.0. Especially, the relative
position and orientation of Fc with respect to the Fab-Fab plane
have changed to a large extent, which might affect the binding of
immune effector proteins including the Fc gamma receptors (FcgR),
neonatal Fc receptor (FcRn) and complement component Clq at
acidic pH conditions [53]. Secondly, the ellipsoid dimensions of IgG
and its subunits also increase at pH 3.0. The swelling of IgG and
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Fig. 3. The geometric structure of F(ab’), under (a) native condition and (b) denatured condition (pH 3.0). Ellipsoids were experimental results acquired from MCE-nMS.
Green cartoon is the PDB structure of an intact IgG (1IGY). Blue cartoon is the F(ab’), structure from MD simulation.

its subunits would result in the exposure of hydrophobic groups,
and cause protein aggregations [54,55]. The antigen binding sites
are located on the top of Fab. The geometric expansion of Fab un-
der pH 3.0 indicates that the antigen binding property of this IgG
might be altered.

F(ab’), fragments retain the antigen binding domains of IgG,
and they have a specific localizing capability [56]. F(ab’), frag-
ments have faster extravasation rates, easier to penetrate into tu-
mor cells and an overall lower residence time of unbound ra-
dioimmunoconjugate (RIC) in the body [57-60]. It is suggested that
F(ab’), fragments offer significant promise for tumor imaging and
therapy. Next, the structural changes of F(ab’), compared with in-
tact IgG were explored with the proposed method. As a first step,
intact IgG was digested by Ides to obtain the F(ab’), fragment.
Then, MS and MCE experiments were carried out for F(ab’), frag-
ments under both native and denatured conditions (pH 3.0, Fig. S4
in Supporting information). Following the procedure in Fig. S1c, the
ellipsoid dimensions of F(ab’), and its subunit (Fab obtained from
papain digestion) were acquired, and the angles between Fab and
Fab were measured. As plotted in Fig. 3a top, the two Fab arms ac-
tually get closer to each other (with decreased o angles) without
the presence of Fc. Molecular dynamics (MD) simulation was also
carried out (Fig. 3a bottom), and the angle () obtained from simu-
lation also agrees well with MCE-nMS experiments. Since the ellip-
soid shape and dimensions of Fab were not changed under the na-
tive condition, the antigen binding capability of each Fab may not
be affected [61]. However, the decreased distance between anti-
gen binding sites (from 11.0 nm to 9.4 nm) may prevent F(ab’),
from reaching two antigens spacing further away. Under the de-
natured low pH condition (pH 3.0), the angle between Fab arms
also decrease about 20° by removing the Fc arm (Fig. 3b). Re-
sults under both native and denatured conditions show that Fc
arm is attracting Fab arms possibility through electrostatic forces,
and the presence of Fc would maintain a relatively large spread
between these two Fab arms. Besides this angle change, the ellip-
soid shape and dimensions of the Fab subunits also expand at pH
3.0, which might be an indicator that the antigen binding functions
of F(ab’), fragments would be affected and modified at this acidic
condition [62].

The MCE-nMS method was recently proposed for the overall
shape and dimension measurements of proteins. The MCE-nMS
based method was further developed for protein internal structure
characterization in this study. Specifically, the size, relative position
and orientation of trastuzumab’s subunits were characterized, and
the structures of trastuzumab under native and denatured con-

ditions were reconstructed. Results show that Fc attracts the Fab
arms and helps maintaining the spread angle between the two Fab
arms, as well as the space between the two antigen binding sites.
Acidic environment would cause the conformation change of IgG
molecules on two ways: (1) The unfolding of each subunit, which
was observed by the increased dimensions of each subunit; (2) the
relative position change of its subunits, which was measured by
the angle variations. Although finer protein structure information
could be acquired compared to our previous study [43,44,63,64], it
should be noticed that protein or its subunit geometric structure
change is only one type of protein conformation variations. De-
tailed or localized protein structure changes may not be reflected
on its geometric structure. Therefore, protein activity would be af-
fected only when this geometric variation damages its active re-
gion.

MCE-nMS offers complementary protein structure information,
and it could be incorporated within integrative methodologies.
Overall shape and relative position of subunits are complementary
to protein information acquired from other methods, such as NMR,
HDX, cross-linking and electron microscopy. Therefore, these in-
formation could be used as additional restrains to probe protein
structure, and combined with other techniques to achieve finer
structural analysis. For instance, protein radii have been used to
restrain the simulation results from MD simulation to find the
most probable conformation of proteins under different conditions
[43,44,63,64].
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