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Abstract. The aggregation of Cu,Zn-superoxide dismutase (SOD1) plays an impor-
tant role in the etiology of amyotrophic lateral sclerosis (ALS). For the disruption of
ALS progression, discovering new drugs or compounds that can prevent SOD1
aggregation is important. In this study, ESI-MSwas used to investigate the interaction
of catechins and SOD1. The noncovalent complex of catechins that interact with
SOD1 was found and retained in the gas phase under native ESI-MS condition. The
conformation changes of SOD1 after binding with catechins were also explored via
traveling wave ion mobility (IM) spectrometry. Epigallocatechin gallate (EGCG) can
stabilize SOD1 conformation against unfolding in three catechins. To further evaluate
the efficacy of EGCG, we monitored the fluorescence changes of dimer E2,E2,-

SOD1(apo-SOD1, E:empty) with and without ligands under denaturation conditions, and found that EGCG can
inhibit apo-SOD1 aggregation. In addition, the circular dichroism spectra of the samples showed that EGCG can
decrease the β-sheet content of SOD1, which can produce aggregates. These results indicated that orthogonal
separation dimension in the gas-phase IM coupled with ESI-MS (ESI-IM-MS) can potentially provide insight into
the interaction between SOD1 and small molecules. The advantage is that it dramatically decreases the analysis
time. Meantime, optical spectroscopy techniques can be used to confirm ESI-IM-MS results.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a paralytic disorder
clinically characterized by the degeneration of motor

neurons in the brain and spinal cords. Previous studies have
shown that the structure defects of Cu,Zn-superoxide dismut-
ase (SOD1) are associated with ALS [1]. The pathology mech-
anisms of sporadic and familial ALS caused by SOD1
misfolding and aggregation have been the focus of intense
study [2, 3]. Relevant evidence suggests that ALS may be
interrelated with SOD1misfolding induced by metal depletion,
disruption of the quaternary structure, or oxidation [4]. Thus,

discovering bioactive compounds that can suppress the abnor-
mal oligomerization of SOD1 to ameliorate and treat this
disease is urgently necessary [5]. Some researches have con-
firmed that catechins possess many physiological functions,
such as antihypertensive effect, antifibrotic property, and neu-
roprotective capacity [6]. Epigallocatechin gallates (EGCG) in
catechins is mainly polyphenol. A study of the potential pro-
tective effects of EGCG in the G93A SOD mouse model of
ALS had been reported [7]. Meantime, EGCG can efficiently
inhibit amyloid fibrillogenesis in some neurodegenerative dis-
orders, thereby preventing the misfolding proteins or polypep-
tides to form toxic and on-pathway aggregation intermediates.
Therefore, EGCG is a promising agent to modulate fibril
maturity [8–11].

Advanced analytical techniques, such as MS, NMR, and
optical spectroscopy are essential to the investigation of the
interactions between proteins and small molecules [12–14].
ESI-MS has a wider range of applicability in structural biology
because of its rapidity, sensitivity, and specifity for
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biomolecule detection [15, 16]. As a useful tool for study of
noncovalent interactions of protein and small molecules, ESI-
MS can provide the binding stoichiometry and specificity of
noncovalent interaction with rapid and sensitive features [17].
ESI-MS method can also provide insight into the gas-phase
stability through complex Vc50 (defined as the cone voltage
resulting in 50% dissociation of a complex) determination,
further validating the relative binding affinities of different
ligands [18]. Meantime, ion mobility (IM) combined with
ESI-MS (ESI-IM-MS) is well suited to the study of protein
misfolding. The general principle of IM depends on the mobil-
ity behaviors of gas-phase ions, and such behaviors are based
on the collision cross-sections of these ions. Thus, mobility
behavior can be used to identify and characterize protein–
protein or protein–ligand interactions [19, 20]. It can also yield
significant structural information on proteins and reveal the
mechanistic details pertaining to the oligomerization of amy-
loid disorders on a millisecond time scale [21–23]. Meanwhile,
collision-induced unfolding (CIU) is a novel methodology. Its
principle is as follows: the unfolded forms of protein are
generated by collision heating in the gas phase and subsequent-
ly separated through IM. The unfolded forms are then detected
by TOF mass spectrometry. This method is often used to
explore the subtle differences and conformational transitions
between the protein and noncovalent complex of proteins and
small molecules [24, 25]. ESI-IM-MS has been used in several
studies on structural biology. Han et al. [26, 27] reported that
bound cation/anion can stabilize multiprotein complexes
through IM-MS. Zhao et al. [28] investigated the gas-phase
conformation changes of protein–ligand complex by traveling
wave ion mobility-mass spectrometry (TWIMS). Tian et al.
[29] introduced a new approach for the characterization of
disulfide bonding pattern, glycosylation, and antibody structure
through IM-MS.

In this report, we employed ESI-MS and collision-induced
dissociation (CID) experiment to evaluate the binding affinities
of ligands and determine the Vc50 values of protein-ligand
system. In this experiment, the metalation states of SOD1 were
probed by ESI-MS, in agreement with previous report [30], and
three catechins, ([EGCG], epigallocatechin [EGC], and
epicatechingallate [ECG]) with similar polyphenol structures
as ligands were discussed and analyzed. The effects of ligand
binding on the conformational changes of SOD1 were ob-
served by collision induced unfolding (CIU) under different
collision energies. Fluorescence experiments were performed
to test the effect of EGCG on the aggregation of apo-SOD1
proteins under denatured condition. Furthermore, as a comple-
mental experiment, far UV circular dichroism was used to
observe the influence of EGCG on β-sheet content.

Experimental Details
Materials

Bovine SOD1 was purchased from Beyotime Biotechnology
(Shanghai, China). The three catechins (EGCG, ECG, and

EGC) and ammonium acetate (NH4OAC) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Methanol (chromato-
graphic grade CH3OH) was purchased from TEDIA Company
(Fairfield, OH, USA). Trifluoroethanol (TFE), thioflavin-
T(ThT), and EDTA were purchased from J&K Scientific Ltd.
(Beijing, China). Ammonium 8-anilino-1-naphthalenesulfonate
(ANS-NH4) was purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). The MicroFloat-A-Lyzer (MW-cut: 10
kDa) used in the dialysis experiment was purchased from Spec-
trum Laboratories Inc. (Shanghai, China). Ultrapure water was
prepared by Milli-Q (Millipore, Bedford, MA, USA).

Sample Preparation

The protein sample was dissolved into 10mMofNH4OAC to a
stock concentration of 100 μM. The ligand samples were
dissolved to 3 mM with 10% CH3OH, and the resulting solu-
tion was further diluted to 300 μMwith ultrapure water. Before
the experiment, the protein and ligand stock solutions were
stored at –20 and 4 °C. Binding experiments of SOD1 with
catechins (EGCG/EGC/ECG) were performed in a
protein:ligand ratio of 1:6 after the mixtures were incubated
at 37 °C for 1 h.

Preparations of apo-SOD1 Apo-dimer SOD1 was prepared
using a demetallation protocol [31]. Briefly, 1 mL of stock
solution was dialyzed against 20 mM NH4OAC buffer (pH
3.2), which contains 5 mM EDTA, for 24 h in a dialysis
system. The dialysis solution was then changed to 20 mM
NH4OAC buffer (pH 3.2) without 5 mM EDTA. After 24 h,
the buffer was replaced with 20 mM NH4OAC (pH 6.8), and
resulting solution was dialyzed for 24 h. The metal content of
the apo-SOD1 sample was determined through ESI-MS anal-
ysis. Supplementary Figure S1 shows the ESI-MS spectrum
and deconvolution mass spectrum of apo-SOD1, the average
molecular mass of apo-SOD1 is 31183.2Da, which is consis-
tent with previous reports [30]. The apo- SOD1 sample was
stored at –20 °C.

Binding Affinity Assessment by ESI-IM-MS
and MS/MS Experiments

Binding experiments were carried out on a quadrupole-IM-
TOF mass spectrometer with ESI source (Synapt G2 HDMS,
Waters, Milford, MA, USA). Data were acquired in positive
ion mode. The MS tune parameters were carefully adjusted to
improve sensitivity. Optimized parameters were set as follows:
20 V cone voltage, 2.35 kV capillary voltage, 80 °C source
temperature, 3 V extraction cone voltage, 30 L h.-1 cone gas
flow, 450 L h-1 desolvation gas flow rate, 150 °C temperature,
5 μLmin-1 sample flow rate. Data were acquired and processed
byMasslynx4.0 (Waters, Manchester, UK). The ESI-MS spec-
tra were deconvoluted using MaxEnt software (Waters Corp.,
Manchester, UK). For IM-MS experiments, the traveling wave
height and wave velocity were set to 40 V and 900 ms-1,
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respectively, and the IMS data were processed by the driftscope
software (Waters Corp., Manchester, UK).

Vc50 Experiment

SOD1 and ligand (1:6) were incubated at 37 °C for 1 h.
Dissociation induced by in-source collision was achieved by
increasing the cone voltage from 10 to 90 V at 4 V increments.
Each experiment was performed in triplicate. The 1:1 complex
population, deduced from relative intensities of the +11 charge
state, was plotted as a function of cone voltage, and Vc50 is the
cone voltage value at which 50% of the complex is dissociated.

Collision Induced Unfolding (CIU) Experiment

The gas-phase transition of the selected ion state was monitored
through a Synapt G2 mass spectrometer coupled with MS/MS
model. A trap collision energy of 20–38 V was applied to the
selected ions in the trap cell before the IM separation, in which
the selected ions corresponded to the +11 charge state of
protein and different complex dimers. A cone voltage of 20 V
was set to ensure the signal intensity. IM wave velocity and
height were adjusted to 1100 m s-1 and 40 V, respectively. IM
data were recorded and processed by MassLynx 4.0. CIU
fingerprint was deduced by Origin Pro 2015. The IMS spectra
of the selected ions were compared at each collision voltage to
determine the changes in the conformations of the proteins and
different complex dimers.

Thioflavin T (ThT) Fluorescence Assay

TFE is a protein denaturing agent used extensively to induce
proteins to aggregate into fibril-like amyloid. Apo-SOD1 ag-
gregation was investigated by using TFE at 5.5 pH. The amy-
loid states of the TFE-induced apo-SOD1 were monitored
through the changes in the fluorescence spectra of ThT, which
can bind to the amyloid fibril. The kinetics data of TFE-
induced fibril was recorded by a molecular device
(SpectraMaxi3x). Each well in a black Costar 96-well micro-
plate contained 10 μL of protein, 24 μL of TFE, and 10 μL of
ThT stock solution in NH4OAC buffer. EGCG of different
moral ratios were added to the 96-well microplate. The control
had no TFE. The plates were incubated at 37 °C before reading,
and the fluorescence spectra were measured every 2 min at

excitation and the emission wavelength of 450 and 485 nm,
respectively.

Anilinonaphthalene-8-Sulfonic Acid (ANS)
Fluorescence Assay

The hydrophobic exposure of the protein was estimated
through ANS modification. ANS binds to the hydrophobic
parts of protein by hydrophobic interaction. Before the exper-
iment, the sample solutions were incubated at 25 °C for 30 min
without denaturant TFE. Spectra Max i3x was used to measure
200 μL of the reaction solution, which contained 0.1 mg of
apo-SOD1, 0.013 mg/0 mg of EGCG, 12% TFE, and 4.7 ng of
ANS. The control experiment was performed using ANS and
EGCG natural solution. When the sample was incubated with
TFE for 2 h, the fluorescence emission spectra (Figure 7) were
observed at 370 nm excitation wavelength in Spectra Maxi 3x.

Circular Dichroism (CD) Assay

Apo-SOD1 (100 μM) was incubated with EGCG with
molar ratio of 1:10 nearly at physiological conditions and
then without EGCG. The samples were diluted to 10 μM in
10 mM NH4OAC. Control samples were incubated in
parallel. One of the controls contained EGCG but no
apo-SOD1, whereas the other control only contained buffer
solution. The CD spectra of apo-SOD1 were measured
from 200 to 250 nm on a JASCO J-810 spectropolarimeter
(Tokyo, Japan) with a computer-controlled water bath. The
optical chamber of CD spectrometer was deoxygenated
with dry purified nitrogen (99.99%) for 45 min before
use and under maintained nitrogen atmosphere. Three
scans were obtained and automatically averaged after
subtracting the background spectrum. The CD spectra were
processed and smoothed using Origin pro 2015.

Results and Discussion
Comparison of the Binding Affinities of Catechins
by ESI-IM-MS, MS/MS and Vc50 Experiments

Relative Binding Affinities Assessment of Three Ligands by
ESI-IM-MS and MS/MS Experiments The dominate
dimer(Di) and monomer(Mo) species of SOD1 were observed

Figure 1. Chemical structures and molecular weights of the studied catechins
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through ESI-MS under Bnear-native^ condition, and the ob-
served charge states ranged from +10 to +13; the charge
distribution of a small amount monomer is from +5 to +8.

The average molecular mass of SOD1 is 31432.5 Da obtained
from Supplementary Figure S1 by using MaxEnt software. In
agreement with the previous studies [31, 32], the overlapping
peak of ligand mono-adducts on monomer and di-adducts on
dimer make the relative affinity assessment complicated. We
can evaluate the relative affinity by IM-MS from the IM-MS
Driftscope plots. Take EGCG-SOD1 complex for example; the
dimeric and monomeric of SOD1 species can be distinguished
easily (Figure 2b), so we can extract and export the mass
spectrum (Figure 2c) only containing the dimeric species of
SOD1 by the driftscope software, and evaluate the relative
affinity of different ligands. Figure 1 shows the structures of
the three ligands, and Supplementary Figure S2B shows the
different binding stoichiometries after incubation with the three
ligands. Mainly 1:1 and 1:2 binding stoichiometries of
SOD1:ligand were observed at 1:6 protein:ligand ratio after
co-incubation at 37 °C for 1 h. However, a nonspecific binding
was observed after excessive ligand addition. The equation

I 1:nð Þ
I Pð ÞþI 1:nð Þ was applied to determine the relative binding affini-

ties of the three ligands, where P and 1:n were defined as free
dimer SOD1 and the different binding stoichiometries of SOD1
and ligand, I (P) and I(1:n) represent the relative abundance of
the each charge states of free dimer and SOD1–ligand com-
plexes. The relative intensities of the proteins or complexes in
the mass spectra are assumed to be proportional to their relative
abundances in the solution [33, 34]. The relative ligand affinity
of EGCG, ECG, and EGC binding to SOD1 can be calculated
from their extractive mass spectra.The relative affinities of
EGCG/ECG/EGC ligand to SOD1 deduced by the equation
is 0.38/0.35/0.36, respectively. The ligand’s hydroxyl groups
play an important role in interacting with amino acids in
proteins via hydrogen bonding. However, we found the relative
binding affinity of EGC, which has the least hydroxyl groups,
to be a little higher than the ECG, so speculated that EGC has a
stronger nonspecific binding. MS/MS experiment was done in
order to test our guess. The precursor ions of EGCG /ECG
/EGC-SOD1 complex at m/z 2900/2899/2886 were selected
and subjected to various trap energies. A comparison of the
ESI-MS/MS spectra suggested that SOD1-EGC start to disso-
ciate in a lower energy. In contrast, the SOD1-EGCG and
SOD1-ECG have little dissociation at the same energy. Be-

Figure 3. Vc50 values of SOD1–catechin complexes corre-
sponding collision voltage when 50% of the complex
dissociated

Figure 2. Native mass spectra of noncovalent complexes of
SOD1 and EGCG at molar ratio 1:6 of SOD1:ligand (a), IMS-MS
driftscope plots of SOD1 and SOD1-EGCG complex total spe-
cies (b), the extracted mass spectra of the dimeric SOD1 and
SOD1-EGCG complex species from the 2D IM-MS plots (c).
Monomeric and dimeric SOD1 species are circled with white
and green ellipse and labeled asMo and Di, respectively. Peaks
marked with one circle represent the 1:1 complex, those with
two circles represent the 1:2 complex, and those with three
circles represent the 1:3 complex
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sides, the SOD1-EGC complex almost completely dissociates
at the trap energy of 35 V; however, when the trap energy is at
40 V, the dissociation of 48% SOD1-EGCG complex and 55%
SOD1-ECG complex was observed (Supplementary
Figure S3). The result of MS/MS experiment shows the order
of binding forces is EGCG>ECG>EGC.

Confirming the Order of Ligand Binding Affinities through
Vc50 Measurement The gas-phase stability of the protein–
ligand complex can be assessed by using the Vc50 values. The
progressive dissociation of ions was implemented by a step-
wise increase of the source collision voltage (Vc). The value of

Vc50 is defined as the cone voltage resulting in 50% dissoci-
ation of a complex [35]. The Vc50 values (Figure 3) obtained
through ESI-MS were 76.16 V for the EGCG–SOD1 complex,
70.05 V for the ECG–SOD1 complex, and 45.06 V for the
EGC–SOD1 complex. The results suggest that the Vc50 value
of EGCG is higher than those of ECG and EGC and is in
agreement with the above mentioned binding affinity study.
Several reports indicated that Vc50 is correlated with the elec-
trostatic and H-bond interactions of proteins with ligands, and
hydrophobic interactions are lost during the desolvation pro-
cess in MS experiments [36–38]. Thus, we speculated that
EGCG–SOD1 interactions have additional H-bonds in contrast
to ECG–SOD1 and EGC–SOD1.

Figure 4. Drift time distributions of the 11+ charge state of SOD1 dimer and its complexes. SOD1 dimer (P, black traces) and SOD1
dimer–EGCG complex (1:1 (PL,red traces), and 1:2 (PL2,green traces) at different trap collision voltages(20, 34, 36 and 38 V, three
different conformations, the compact/extended/more extended conformation were labeled as A/B/C, respectively

Figure 5. CIU fingerprints for SOD1(P) and SOD1–ligand complexes (PL, PL2). The regions of the CIU fingerprints marked with a
dash box show mainly the differences in stability among ligands with different bound numbers
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Collision-Induced Unfolding for Exploring
the Changes in the Conformation of the EGCG–-
SOD1 Complex

The conformational changes (generally collapse or
unfolding) of proteins in the gas phase can be measured
via MS of collision-induced dissociation coupled to IM.
CIU enables the assessment of gas-phase stability and
comparison of the transitions or intermediates [39, 40].
To test whether EGCG-bound SOD1 resists unfolding
under collision activation, we studied the structural sta-
bility of SOD1 and EGCG–SOD1 complex through CIU.
The target ions were selected in quadrupole, and then
activated to unfold under different trap collision energies
(20–38 V) in the trap cell of the instrument. Figure 4
shows the results of the CIU experiment performed on
the +11 dimer state of the free/single/double ligand-
bound forms. As the accelerating voltage increased, the
ions had more extended states compared with those un-
der low-energy conditions. When the trap collision ener-
gy was low (20 V), the resulting of drift time distribu-
tions of SOD1 and EGCG–SOD1 complex showed no
distinct conformation difference. At increased collision
energy (34 V), a broad drift time distribution was ob-
served, indicating the presence of different unfolded con-
formations of the protein. As previously reported, the
compact conformation, partially unfolding conformation,
and unfolding conformation of SOD1 under collision
activation were observed [32]. The three conformations
were defined A, B, and C, respectively. The content
order of C conformation at the trap energy of 34 V is
free >single >double bound EGCG-SOD1. Similar results
were observed at other collision voltages. These results
revealed that the ligand-bound protein has a lower ten-
dency to unfold than free proteins, and two-ligands
bound protein is more stable than the one-ligand-bound
protein. The influence of the number of EGCGs binding
to SOD1 was assessed through CIU fingerprints. The

CIU fingerprint of SOD1 is dramatically different from
that of the EGCG–SOD1 complex. Figure 5 shows that
the conformation of the protein has a greater tendency to
shift in low energy than ligand-bound SOD1. These
results showed that EGCG can stabilize SOD1 confor-
mation and further retard the dissociation and unfolding
process of SOD1.

Figure 6. Influence of EGCG on TFE-induced apo-SOD1 fibril
formation. Fibril formation kinetics of apo-SOD1 with different
EGCG molar ratios were monitored by ThT fluorescence. Apo-
SOD1:EGCG at 1:0 (black), 1:1(red), 1:6 (blue),1:10 (purple), and
control (brown). Control sample is the solution of apo-SOD1
protein without TFE

Figure 7. ANS fluorescence emission spectra of TFE-induced
apo-SOD1 and apo-SOD1 incubated with EGCG

Figure 8. Far UV CD spectra of apo-SOD1 with (red) and
without (black) EGCG after 6 days of incubation. Negative band
at 218 nm was observed
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Investigating the Effect of EGCG on apo-SOD1
Aggregation through ThT Fluorescence Assay

Apo-SOD1 aggregation can be induced by TFE at 5.5 pH [41].
TFE-induced aggregation can be detected by measuring the
enhancement of ThT fluorescence after the ThT dye binds to
the aggregates. The contributions of EGCG on the prevention
of aggregates of TFE-induced apo-SOD1 were investigated by
ThT binding assays. We investigated the changes in ThT
fluorescence after incubating apo-SOD1 with various folded
excess of EGCG. Figure 6 shows the reduction of ThT fluo-
rescence for the apo-SOD1 incubation with EGCG at each time
point. The results suggest the content of the aggregates de-
crease when EGCG binds to apo-SOD1, and thus has a nega-
tive relationship with EGCG dose.

Monitoring the Hydrophobic and Conformational
Change of apo-SOD1 through ANS and CD
Experiments

The denaturant effect of TFE on protein structure interferes
with hydrophobic forces that stabilize protein structure [42]. In
the presence of TFE, SOD1 mutants expose their hydrophobic
faces, resulting in protein aggregation. ANS fluorescence dyes
can be used to monitor the change of protein hydrophobic [43,
44], and thus ANS experiment was performed to test whether
EGCG can stabilize apo-SOD1 structure and suppress the
hydrophobic exposure of apo-SOD1. The control emitted at
520 nm, whereas the sample had a blue shift after ANS
attached to the hydrophobic surfaces of the proteins
(Figure 7), emitting at around 480 nm. This finding is
consistent with a previous report [45]. Meanwhile, the results
suggested that protein hydrophobic exposure is reduced in the
presence of EGCG. We speculated that EGCG bound with the
hydrophobic region prevented the exposure of the hydrophobic
face and stabilized the protein structure. The signal change of
the negative band centered at 218 nm, which is the
characterization of β-sheet, is linked to the changed content
of the β-sheets. Protein aggregation increases with increasing
number of β-sheet structures [46]. CD analysis (Figure 8) in-
dicated that apo-SOD1 incubated for 6 days has a significantly
higher number of β-sheet structures than those incubated with
EGCG at 1:10 moral ratio, indicating that EGCG can inhibit
apo-SOD1 aggregation.

Conclusions
ESI-IM-MS is suited for the detection of noncovalent
interactions and probe solution-phase binding interactions.
In this study, ESI-IM-MS exhibits its advantages in the
investigation of the interaction between SOD1 and cate-
chins. Vc50 evaluation in the CID experiments provided
the stability of the noncovalent complex in the gas phase
and relative affinity ranking of catechins as ligands bound
to SOD1. We speculated that the differences among the
three catechins in terms of their capability to stabilize the

SOD1 structure are attributed to the number of their hy-
droxyl groups, which can form hydrogen bonds in protein–
ligand interactions. However, after ligand binding, the
enhancement in SOD1 stability was not detected by CID.
CIU is introduced to analyze SOD1 stability and its con-
formational changes, and thus has great potential for the
identification of the effects of ligands on SOD1 stability.
CIU results revealed that EGCG-bound complex can main-
tain the compact state of SOD1 than free SOD1 under
increased collision voltage in the gas phase. CIU finger-
print experiment is a useful tool for the determination of
the differences among the unfolding pathways of proteins
and complexes.

Conventional biophysical approach was employed to assess
the effectiveness of EGCG as ligand. Changes in hydrophobic-
ity and β-sheet content were emphasized because these prop-
erties often affect the protein aggregation. The results of fluo-
rescence and CD experiments showed that EGCG can interact
with proteins and inhibit the apo-SOD1 aggregation in vitro.
ESI-IM-MS is a powerful tool for the investigation of
noncovalent interactions of proteins and ligands and changes
in protein conformation.
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