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Abstract

Beta-2-glycoprotein I (β2GPI) is the major antigen for the antiphospholipid

antibodies in the antiphospholipid syndrome. The exposed epitope in domain I

of β2GPI can be recognized by the anti-β2GPI antibody. Here, we prepared the

anionic di-oleoyl-phosphatidylserine (DOPS) and cardiolipin (CL) liposomes to

interact with the β2GPI. The conformational changes of β2GPI upon binding

with the liposomes were analyzed using hydrogen/deuterium exchange mass

spectrometry. The exchange level of sequences 21–27 significantly increased

after β2GPI had interacted with DOPS. This change indicated a reduced inter-

action between domain I and domain V, inferring to a protrusion of the

sequences 21–27 from the ring conformation. After β2GPI had interacted with

CL for 30 min, the exchange levels in 4 of the 5 domains increased signifi-

cantly. The deuteration levels of sequences 1–20, 21–27, 196–205, 273–279 and

297–306 increased, suggesting that these regions had become more exposed,

and the domain I was no longer in contact with domain V. The increasing deu-

teration levels in sequences 70–86, 153–162, 191–198, 196–205 and 273–279
indicated β2GPI undergoing conformational changes to expose these inner

regions, suggesting a structural transition. Overall, DOPS and CL induced

minor conformational changes of β2GPI at sequences 21–27 and forms an

intermediate conformation after 10 min of interaction. After a complete

protein–lipid interaction, high negatively charged CL membrane induced a

major conformation transition of β2GPI.
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1 | INTRODUCTION

The antiphospholipid syndrome is an autoimmune dis-
ease manifested with vascular thrombosis and obstetrical
complications.1 It has significant morbidity and mortal-
ity.2 One of the disease characteristics is the binding of
antiphospholipid antibody to proteins, through nega-
tively charged phospholipids, such as prothrombin and
β2-glycoprotein I (β2GPI).3–5 Thrombus formation in the
antiphospholipid syndrome is via the binding of
antiphospholipid antibody to β2GPI.6 When the
antiphospholipid antibody binds to β2GPI, the antibody
complex interacts with a number of receptors, like
annexin A2, Toll-like receptor family, glycoprotein Ibα,
low-density lipoprotein receptor-related protein 8 and
low-density lipoprotein receptor family. The result is the
activation of endothelial cells, platelets, monocytes,7 and
trophoblasts.8,9 The inflammation and clotting that fol-
low could lead to vascular thrombosis or pregnancy-
related complications.10,11

On β2GPI, the domain I is the antigenic epitope spe-
cifically bound by the antiphospholipid antibody.12–15 In
addition, other epitopes on β2GPI can also bind to the
antiphospholipid antibody.13,16–18 For example, anti-
bodies binding to domain V of β2GPI were reported in
other diseases, like leprosy and atopic dermatitis.19,20

Since these other autoantibodies are not associated with
clinical manifestations and therefore they are considered
non-pathogenic. Experiments have shown that the anti-
body binding can trigger β2GPI dimerization, which has
stronger affinity for the phospholipid membrane.21

β2GPI, also known as apolipoproteins H, contains
326 amino acids22 and widely present in human plasma
at �200 μg/ml.23 β2GPI contains high proportions of pro-
line and cysteine, and a high glycosylation level.24,25

β2GPI belongs to the complement control protein family
with four short consensus repeats (SCRs). The SCR con-
tains �60 amino acids with four cysteines and one trypto-
phan. It is involved in the protein–protein and protein–
carbohydrate interactions.26

Levels of oxidative stress directly affect the structure
and function of β2GPI. In the normal condition, the two
disulfide bonds of β2GPI are located within Cys32-Cys60
and Cys288-Cys326 which are typically in the discon-
nected state.27,28 Through the actions of the oxidoreduc-
tase thioredoxin-1 and protein disulfide isomerase, these
disulfide bonds are kept in the reduced form.29,30 Under

oxidative stress, the disulfide bonds form. The proportion
of the oxidized β2GPI is reportedly elevated in patients
with antiphospholipid syndrome.28 Since the disulfide
bond Cys32-Cys60 is located close to the B cell epitope
and Cys288-Cys326 is close to the T cell epitope, the
change of the redox state of β2GPI may affect the subse-
quent immune response they mediate.31,32

β2GPI appears in at least two conformations. X-ray
crystallography analysis showed a J-shape conforma-
tion.33 Closed ring conformation as shown in electron
microscopy is present in the absence of the anionic phos-
pholipid.34,35 An S-shape modification of J-shape crystal
structure was detected by X-ray small-angle scattering
experiments. Here, the epitope on domain I of the S-
shaped protein is blocked by glycosyl chains.36 These dif-
ferent conformations may co-exist and inter-changed.37,38

β2GPI was further suggested to interact with the mito-
chondrial phospholipid, cardiolipin (CL). CL externaliza-
tion during apoptosis may lead to the expose of CL to
β2GPI.39,40 The Cys281-Cys288 region of β2GPI was iden-
tified as the interaction site.41 When β2GPI is not exposed
to the negatively charged phospholipid membrane,
domain V forms a closed ring with domain I.34 When
exposed to the negatively charged phospholipid mem-
brane, domain V interacts with the negatively charged
phospholipid surface and reduces the interaction with
domain I, leading to the disconnection between domain I
and V to promote circular unwinding. In the end, the pro-
tein expands into a J-form and the epitopes Arg39 and
Arg43 are exposed for binding with antiphospholipid anti-
bodies.37 Phosphatidylserine (PS) has also been shown to
be involved in β2GPI binding to either apoptotic cells42 or
activated platelets,43 both of which may contribute to the
pathogenesis of antiphospholipid syndrome.44,45

To explore the pathogenesis of antiphospholipid syn-
drome, we used hydrogen/deuterium exchange experi-
ments46 to investigate the conformational changes of β2GPI
after interactions with different anionic phospholipids.

2 | RESULTS

2.1 | Identification of the proteolyzed
β2GPI fragments

Analyzing β2GPI with HDXMS is a challenging proce-
dure, because the protein contains 11 disulfide bonds and
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all five domains of β2GPI have at least two disulfide
bonds, a condition which is particularly difficult for pro-
teolysis. Although we had optimized pepsin digestion by
introducing abundant reducing agent (1M of TCEP) to
break the disulfide bonds in the quench solution, and
extended digestion time to 20 min for better action, we
still encountered significant loss of peptides and unstable
digestion, especially in the later experiments containing
lipids. Pepsin is a non-specific digestion protease. The
identification of the fragments would require tandem
mass spectrometry. After optimization of proteolysis, we
were able to identify 51 peptides, accounting for 80.3% of
the 326-residue native β2GPI (Figure 1).

2.2 | H/D exchange of β2GPI

The native β2GPI protein was incubated in D2O buffer,
pepsin-digested and analyzed by mass spectrometry. The
rate of H/D exchange was linearly dependent on the loga-
rithmic scale of time. The time course 0, 10, 30, 100,
300, 1000, and 3000 s in log scale on the X-axis can
express the linear increases of deuteration through time.
The H/D exchange experiments were all performed
within 50 min to maintain the protein stability.

Peptides 110–125 containing part of domain II and the
loop connecting domain III showed the highest exchange.

The deuteration percentage of peptides 110–125 was set to
indicate 100% deuteration level and non-deuterated sample
was defined as 0% deuteration level, against which other
peptides were normalized accordingly. These normalized
deuteration levels were presented in a color-coded heat map
(Figure 2(a)). The level of deuteration is defined as (number
of incorporated deuteron)/(maximum exchangeable hydro-
gen) of a peptide. The original deuteration graphs with the
full time course without normalization were shown in
Figure S1. For each fragment, the first residue did not pos-
sess the peptide bond, and the amide on the second residue
was too flexible to retain deuteron. Therefore, the deutera-
tion regions on the heat map in Figure 2 were two-residue
shorter than the fragment shown in Figure 1. To avoid con-
fusion, we used the identified peptide residues to represent
the HDXMS region throughout the study. When β2GPI was
deuterated for 10 s, the deuteration levels in all regions of
the entire protein were < 60%. The peptides 207–226 had
reached only 10.2% deuteration level at 10 s, a lowest
exchange level. With extended times of H/D exchange, deu-
teration levels of fragments increased. At the exchange time
of 3000 s, the exchange rate of the peptides 207–226 was
12.4% and was still the lowest among H/D exchanging frag-
ments. In contrast, peptides 1–20, 110–125, 175–188,
244–259, and 294–306 had high deuteration levels at 62.9%,
96.1%, 71.2%, 58.9% and 51.0%, respectively, after 3000 s of
H/D exchange.

FIGURE 1 Peptide map of the pepsin digested β2GPI. Native β2GPI was hydrolyzed by pepsin for 20 minutes. The peptides were then

separated by HPLC and fragmented by tandem mass spectrometry. Sequences of peptides were identified by X!Tandem. The blue solid line is

the peptide used in the subsequent structural presentation, and the gray dotted line is the sequence identified and analyzed, but not

embedded in the protein structural presentation. The red 'C' indicates the Cys forming disulfide bond, and the green 'T' and 'N' indicate the

glycosylated Thr and Asn
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Deuteration levels of β2GPI at longer H/D exchange
time points showed greater differences in multiple
regions. We further mapped the deuteration levels at
3000 s onto the X-ray crystal structure (PDB ID: 1C1Z)
for further structural display (Figure 2(b)). Domain IV
was shown to have the lowest overall exchange rate
among the five domains of β2GPI. The N-terminal
sequence 1–20 on domain I, the sequence 107–125 on
domain II-III, the sequence 175–188 on domain III-IV,
the sequence 244–259 on domain V and the C-terminal
sequence 294–306 all showed high levels of deuteration.
Some of those highly deuterated regions (e.g., 107–125,

175–188 and 294–306) located on the connecting bridges
among domains.

2.3 | Phospholipid interactions
with β2GPI

The β2GPI antibody and other β2GPI-dependent
antiphospholipid antibodies have been related to the
antiphospholipid syndrome.3,7 Negative charged phos-
pholipids could interact with β2GPI, which would then
be recognized by β2GPI antibody. Although both PS and

FIGURE 2 Deuteration level of β2GPI. β2GPI was deuterated for six time points: 0, 10, 30, 100, 300, 1000, and 3000 s. (a) Deuteration

levels of the representative peptides in different regions are shown under their primary sequences in a bar graph. At each bar, its deuteration

levels at the six time points are displayed from the top downward. Deuteration levels are indicated according to the heat map index.

Connected bars without gaps indicate those fragments with overlapped residues. (b) Deuteration levels of the representative peptide of β2GPI
at 3000 sec of panel (a) are mapped onto the crystal structure of β2GPI (PDB ID: 1C1Z)
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CL phospholipids are negatively charged, they have sig-
nificantly different molecular weight, head group, acyl
chain number and charge in their molecular structure
(Figure 3). Therefore, PS and CL may had different types
of interactions with β2GPI to cause different levels of con-
formational changes. On the other hand, phosphatidyl-
choline is neutral in electrical charge and expected to
exert no effect on β2GPI.

2.4 | DOPS binding effects on the
deuteration level of β2GPI

Because PS is an important component of anionic phos-
pholipids in the cell membrane,47 we hypothesized that
PS may interact with β2GPI. To investigate the conforma-
tional changes and sites on β2GPI that bind with lipid
membrane, we applied DOPS lipidosomes on β2GPI for
10 min and then performed the H/D exchange experi-
ments. The original deuteration graphs with the full time
course without normalization were shown in Figure S1.

Similar to the deuteration level in the absence of lipid
membrane, the deuteration level of β2GPI treated with
DOPS was mostly <50% at 10 s, except peptides 21–27.
The regions 21–27 surged to a relatively high deuteration
level (88.5%) at 10 seconds. At the exchange time of
3000 s, the presence of the lipid membrane mildly
reduced deuteration levels at multiple regions: 1–20,
107–115, 120–131, 175–188, 197–206 and 297–307
(Figure 4(a)).

Based on the results, longer time of H/D exchange
revealed larger differences between control and the treat-
ments. Therefore, 3000 s were chosen for the structural
analysis. In the structural diagram showing the results of
H/D exchange (Figure 4(b)), interactions between β2GPI

and DOPS liposomes significantly increased the exchange
rate of the region 21–27 (Figure 4(c)). It is likely that the
tighten structure of β2GPI formed an exposed N-terminus
by interacting with the lipid membrane. When the pro-
tein and the lipid membrane came into contact, interac-
tions between Domains I and V became weakened.
Although this effect did not alter markedly the conforma-
tion of the entire protein, it enhanced greatly solvent
accessibility of the sequence 21–27. The sequence 21–27
might have protruded from the original structure. Despite
the increase in deuteration level at the N-terminal, most
other regions (like sequences 1–20, 42–51, 107–115,
120–131, 175–188, 197–206 and 294–306) showed margin-
ally dropped levels of H/D exchange. These regions were
likely flexible or the solvent-exposed regions, which all
showed high exchange rates in the absence of lipid lipo-
somes. After interaction with DOPS liposomes, β2GPI
probably formed a tighter structure, leading to the
decreased exchange level. Due to the tighter structure,
loops between the domains showed lower solvent accessi-
bility and backbone flexibility. It is important to note that
because of the experimental difficulty in the DOPS and
β2GPI 30 min treatment, the effect of PS is not yet well-
characterized because of experimental difficulty.

2.5 | Cardiolipin binding effects
on β2GPI

β2GPI interacted with negatively charged phospholipid
membrane through the positively charged surface of
Domain V and a short hydrophobic loop.24 CL is different
from other negatively charged phospholipids in that it
carries two negative charges.48 Because β2GPI could
interact with CL,35 we applied HDXMS to detect confor-
mational changes of the protein. β2GPI was first incu-
bated with CL containing liposomes at 25�C for 10 min,
and then the protein was subjected to H/D exchange
experiments for 10, 30, 100, 300, 1000 or 3000 s. The orig-
inal deuteration graphs with the full time course without
normalization were shown in Figure S2. Upon binding
with CL, β2GPI did not change its deuteration levels at
most regions, except peptides 1–20 and 21–27 (Figure 5).
The effect of increased deuteration level at peptide 21–27
upon CL binding was similar to the DOPS binding as
mentioned above. Although peptide 21–27 was the most
affected region after the binding to CL, this result indi-
cated that more negatively charged lipid membrane sig-
nificantly increased the solvent accessibility at peptide
21–27. The interactions between the lipid membrane and
the protein would cause a weaken interaction between
domain I and domain V. In addition, DOPS binding
showed that the domain-connecting loops had a slight

FIGURE 3 Structures of Tetraoleoyl-Cardiolipin and Dioleoyl-

Phosphatidylserine (DOPS)
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decrease in deuteration levels, while in the 10 min CL
reaction experiment, we found no change in the deutera-
tion level. The results could be related to differences in
electrostatic interaction or hydrogen bonding.

As the above 10 min CL binding experiment revealed
no significant interactions between CL and the Domain
V of β2GPI expect the N-terminus, a finding which is
inconsistent with the literature,35 we therefore further
performed a β2GPI and CL binding experiment at 25�C
for 30 min. Here, 3000 s of H/D exchange showed a sig-
nificant rise in the deuteration level of β2GPI, compared

to the 10 min interaction (Figure 6). Deuteration levels of
the sequences 1–20, 21–27, 196–205, 273–279 and
297–306 showed significant increases. In particular, the
deuteration level of the N-terminal sequence 1–20 origi-
nally showed a drop after short time CL interaction, now
instead showed an increase by 17.3%. The HDXMS
results were further mapped onto the ribbon structure
and the surface of β2GPI (Figure 7). The Domains I, III,
IV and IV all showed elevated deuteration levels. The
constant exchange level of Domain II reflected the rigid-
ity of Domain II, also suggesting that the relative

FIGURE 4 DOPS 10 min

binding effects on β2GPI. β2GPI
interacted with DOPS

liposomes for 10 min and then

deuterated for 0, 10, 30, 100,

300, 1000, 3000 s.

(a) Deuteration levels of the

representative peptides in

different regions are shown

underneath their primary

sequences in a bar graph. In

each bar, its deuteration levels

at the six time points are

displayed from top downward.

Deuteration levels are indicated

according to the heat map

indices. Some fragments with

overlapped regions are shown

as connected bars.

(b) Deuteration level differences

of the representative peptide of

β2GPI at 3000 s are mapped

onto the crystal structure of

β2GPI. (c) Deuteration of the

representative peptides in

duplicated experiments. Y-axis

shows the maximum

deuteration level

932 TANG ET AL.



positions among I, II, and III staying the same. The
increases of the deuteration level on all four domains of
β2GPI, and particularly the disconnection between
domains I and V to expose the region 297–316 indicated
a conformational change from a tight conformation to a
loose conformation.

3 | DISCUSSION

The conformation of β2GPI is known to be altered by its
interaction with anionic phospholipids, and the confor-
mation changes are related to the recognition of cryptic
epitopes by the antiphospholipid antibody.10 Although
we collected H/D exchange information from different

conformations, currently only the J conformation of
β2GPI has known X-ray crystal structure. Therefore, we
mapped H/D exchange data for all different conforma-
tions on the only available crystal structure in our study.
Based on our results, we proposed a mechanism for
β2GPI regarding phospholipid induction of the conforma-
tional changes (Figure 8).

The non-treated β2GPI had the lowest rate of H/D
exchange at the N-terminal region on domain I. In this
conformation, domain I is in contact with domain V,
which hinders the regions from fast H/D exchanges. Fur-
ther question is the location of the contact surface, which
potentially can be targeted therapeutically. It is reason-
able to assume the N-terminus is involved in forming the
ring structure with the C-terminus. Although negatively

FIGURE 5 CL 10 min binding effects on β2GPI. β2GPI interacted with CL liposomes for 10 min and then deuterated for 0, 10, 30, 100,

300, 1000, and 3000 s. (a) Deuteration levels of the representative peptides in different regions shown under the primary sequence in a bar

graph. In each bar, its deuteration levels of the six time points are displayed from the top downward. Deuteration levels are indicated in

colors according to the heat map indices. (b) Deuteration levels of the representative peptides of β2GPI at 3000 s were mapped onto the

crystal structure of β2GPI. The time course experiments were one experiment with five independent H/D exchange results
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charged Asp8 and Asp9 in this region could interact with
the Lys patch in domain V, both residues are located on
the side of the domain I on the β2GPI crystal structure.
Plus, the N-terminal sequences 1–3 and 7–11 are highly
flexible loops with high rates of H/D exchange, consistent
with their high deuteration levels. Therefore, the N-
terminus is less likely to be the region in connect with
domain V. On the contrary, region 21–27 had a low
exchange rate, which suggested a low solvent accessibil-
ity. This finding is related to the interactions with domain
V in shielding it from H/D exchange or extensive hydro-
gen bonds in this region. We also found that Glu23,
Glu26 and Glu27, forming a negatively charged patch,
were located on the tip of the domain I ideally for closing
the ring structure. Additionally, the rate of exchange at
region 21–27 increased markedly after interacting with
negatively charged phospholipids. In domain V, the Lys-
rich region (including the Lys282, Lys284, Lys286, and
Lys287 regions) and the scattered Lys305, Lys308, and
Lys317 form a positively charged tip of domain V for con-
tacting domain I. The positively charged patch of Domain
V has been shown to interact with the negatively charged
molecules, such as heparin, DNA and plasma mem-
brane.24,33 The sequences 107–125, 175–188, and 244–259
are located at the junction of domain II-III, III-IV and
IV-V, respectively. They are long-length β-strands that
act as bridges connecting adjacent domains. These
regions are flexible and have fast H/D exchanges. Along
with loop region, sequence 294–306 is a flexible loop on
Domain V, located outside the J-shape in the 3D
structure.

FIGURE 6 CL 30 min binding effects on β2GPI. β2GPI interacted with CL liposomes for 30 min and then deuterated for 3000 s. The

deuteration levels are indicated in colors according to the heat map indices. Deuteration levels of the representative peptides of β2GPI at
3000 s are mapped onto the crystal structure of β2GPI. Significantly changed deuteration levels at different regions are shaded in red and

blue. The experiments were performed in triplicates

FIGURE 7 CL binding effects on the structure of β2GPI. β2GPI
interacted with CL liposomes for 30 min and then deuterated for

3000 s. Deuteration levels of representative peptides of β2GPI at
3000 s are mapped onto the crystal structure of β2GPI in colors

according to the heat map indices. The ribbon (a) and the surface

(b) of the β2GPI structure are shown. Five domains of β2GPI are
marked by roman numerals
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The head group of DOPS, which has both a negatively
charged carboxyl group and a positively charged amine
group, is able to interact with β2GPI electrostatically, or
form hydrogen bonds. In addition, β2GPI contains several
polysaccharide groups and the hydroxyl groups in these
polysaccharide groups are proper functional groups for
forming hydrogen bonds, resulting in non-specific inter-
actions with DOPS. In the highly solvent accessible
regions of β2GPI, a marginal drop in deuteration levels is
observed after interactions with DOPS. The minor
decreases of deuteration could be affected simultaneously
by solvent accessibility and backbone flexibility.

CL is a phospholipid with strong negative charge, and
tends to interact with the domain V that has strong posi-
tivity. β2GPI interacts either with weakly negatively
charged DOPS or with strongly negatively charged
CL. Deuteration levels of the sequence 21–27 grow high,
indicating the solvent accessibility has been enhanced at
sequence 21–27. Results suggest that the interaction
between the lipid membrane and β2GPI weakens the
interactions between domains I and V, but the weaken-
ing force is not enough to break the ring, leading to pro-
truding peptide 21–27 out from the ring. This
intermediate form may correspond to the sigma-like
structure observed under electron microscopy, as
reported in an earlier study.34 The binding between nega-
tively phospholipids and β2GPI may not be similar to the
ligand-receptor binding. β2GPI may have multiple phos-
pholipid interacting sites or non-specifically interact with
phospholipids with different affinities, orientation and
rates. A previous study has demonstrated the occurrence
of aggregation up to 30 min after β2GPI injection into

cells.49 Therefore, the intermediate conformation was
observed after 10 min of CL liposome interaction.

Lys19, Arg39 and Arg43 of β2GPI are known to have
poor solvent accessibility in the ring conformation to protect
them from trypsin digestion.34 Arg39 and Arg43 are pre-
sumably specific recognition residues of antiphospholipid
antibody. After binding to the anionic lipid membrane, con-
formational changes of β2GPI expose the epitopes Arg39
and Arg43 from the shielding of the polysaccharide group.
However, in the present study, we failed to observe a signifi-
cant rise in deuteration levels near Arg39 and Arg43. The
structure of β2GPI still maintains strong interactions
between domains with the polysaccharide continuing shield
the epitope, at least in part.

When the β2GPI is in the conformation before lipid
interaction, the solvent accessibility is extremely low
regarding sites Lys19, Arg39 and Arg43 on Domain
I. When β2GPI interacts with negatively charged lipid
membrane, its shape changes and all the deuteration
levels at sequences 1–20, 21–27, and 41–51 (adjacent to
the three sites of Lys19, Arg39, and Arg43) increase. On
the other hand, in the conformation before lipid interac-
tion, solvent accessibility at Lys305 and Lys317 on
Domain V is also low. Our results also showed an
increase of exchange rate at fragment 297–316 on domain
V. Such increase could be due to the exposure of Lys305.
Interestingly, in the conformation before lipid interac-
tion, the Lys patch (including Lys282, Lys284, Lys286
and Lys287) located in the peptide 280–293, also showed
a low rate of H/D exchange. After interaction has
occurred between β2GPI and CL, peptide 280–293 is no
longer available for mass spectrometry analysis,

FIGURE 8 Mechanisms of the conformational changes of β2GPI upon interacting with DOPS and CL shown in schematic view. Blue

numbers mark Lys/Arg patches, including Lys19, Arg39, Arg43, Lys305 and Lys317. Red hexagons represent polysaccharides. The head

group of DOPS, shown in light red, carries weaker negative charges than CL. The domaina I, II, III, IV and V of β2GPI in green are also

marked
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supporting either a change in its property or a shift in mass
because of the CL binding. But the scattering lysine residues,
Lys305, Lys308 and Lys317 can still be recognized by mass
spectrometry and they showed elevated rates of H/D
exchange. Findings are consistent with no direct association
between these residues and CL. The above results indicated
that after the interaction between β2GPI and CL lipid mem-
brane, the protein has a significant conformational change.
The interface between domain I and domain V is hence
exposed. Interestingly, the recent evidences have shown that
anti-domain I but not anti-domain V antibodies are patho-
genic.12,50 The conformational change induced by the lipid
interactions may interfere with the production of antibody.

In conclusion, the H/D change experiment is a useful
tool to investigate β2GPI-lipid membrane interactions
under physiological conditions, which corroborate previ-
ous findings on β2GPI conformational changes. Overall,
β2GPI does not change the conformation during initial
contact with anionic lipid membrane, but sequence
21–27 will be exposed. β2GPI continues to change its con-
formation drastically while staying on the more nega-
tively charged CL membrane surface. Our results may
help finding potential intervention sites therapeutically.

4 | MATERIALS AND METHODS

4.1 | Materials

Immobilized pepsin on 6% agarose resin was purchased from
Thermo Fisher Scientific, United States. Beta 2-glycoprotein I
from human plasma (≥96%) was purchased from BBI solu-
tion (Cardiff, UK). The protein was purified from plasma via
Cohn fractionation and Heparin chromatography. Deute-
rium oxide (99.9% D2O) was purchased from Cambridge iso-
tope laboratories, Incorporation (Andover, MA). The
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (18:1 DOPS) and
10,30-bis[1,2-dioleoyl-sn- glycero-3-phospho]-sn-glycerol (18:1
Cardiolipin) were purchased from Avanti Polar Lipid
(Alabaster, AL). Tris(2-carboxyethyl) phosphine hydrochlo-
ride (TCEP) was purchased from Sigma–Aldrich.

4.2 | Sequence identification of the
β2GPI proteolytic fragment

To analyze the HDXMS data, sequences of the detected
pepsin-digested fragments were first identified by UPLC-
Q-TOF (Quadrupole time of flight mass spectrometry,
QIII, Bruker). After proteolyzing β2GPI into fragments by
immobilized pepsin, fragments were collected by a pep-
tide trap (micro RP peptide trap, OPTI-TRAPTM), and
then separated by a reverse phase HPLC in a C18 column

(BioBasic 18 LC Columns, Thermo Scientific). Mobile phase
A was in 0.1% formic acid (pH 2.5), and the mobile phase B
was in 80% Acetonitrile (ACN) and 0.02% formic acid. The
linear gradient of mobile phase A was 95%–0% finished in
40 min at a flow rate of 0.1 ml/min. Most of the peptides
were eluted between the periods of 15 to 30 min. Peptides
were fragmented by tandem mass spectrometry (MS/MS),
with the MS/MS data imported into the X! Tandem soft-
ware to calculate the sequences of the fragments.

4.3 | Sequence identification by X!
Tandem

β2GPI MS/MS data were exported from Bruker DataAnalysis
at an intensity threshold of 700. MS/MS data and the
sequence were imported to X!Tandem for sequence identifica-
tion. The mass error was set at 500 ppm. The fragment
sequences were manually verified again based on the primary
mass and the matched product ions under X!tandem-parser-
1.7.7. The mass envelop of each non-deuterated peptide mat-
ched with the theoretical mass envelop by the H/Dexaminer
software and were carefully examined manually.

4.4 | β2GPI HDXMS calculation

We loaded the information on sequences, retention times
and charges of the identified peptide fragments into the
H/D exchange software HDExaminer as the peptide pool.
The data on non-deuterated MS of β2GPI was then impo-
rted to HDExaminer to identify the peptide peak. Some low
intensity peptides were excluded for further analysis, a step
which served as a second filter for peptide identification.
The masses of the fragment of the non-deuterated β2GPI
were used as the standards for all other H/D exchange sam-
ples. Then, MS data of the H/D exchange samples at all six
time points were imported into HDExaminer. The average
mass of each deuterated peptide at each time point was cal-
culated. The shift of the average mass at a specific time
point after H/D exchange was taken as the amount of deu-
teration. The level of deuteration is defined as the value of
the number of incorporated deuteron divided by the maxi-
mum exchangeable amide hydrogen of a peptide. The pep-
tide with the deuteration level was normalized to the full
deuteration level in the heat map presentation.

4.5 | Preparation of the phospholipid
liposomes

We added 2.5 mg of 18:1 DOPS and 3.8 mg of 18:1 CL to
different glass tubes, with organic solvent dried with
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nitrogen gas, and the with the addition of 1 ml of
100 mM KCl solution. We then sonicated the sample for
10 min in 55�C water. To avoid overheating, the sample
went through a cycle of 30 sec sonication and 30 sec
cooling on ice. After sonication, the phospholipid lipo-
somes were placed at 25�C for 30 min to form stable lipo-
somes. The final solution appeared transparent and
colorless. Two different phospholipid liposome solutions
were subjected to subsequent H/D exchange
experiments.

4.6 | H/D exchange of β2GPI

Interactions between β2GPI and phospholipids were initi-
ated by mixing 1 μl of the prepared phospholipid lipo-
somes and 10 μl of β2GPI (1 μg/μl). The mixture was then
incubated at 25�C for 10 min. The ratio of lipid molecules
to β2GPI was about 10:1 in molarity. The 20-fold D2O
dilution buffer was prepared using 2.5 M Tris base, 1 M
NaCl, pH 7.5 in H2O. Heavy water (D2O) was mixed with
a 20-fold D2O buffer in a ratio of 19 μl:1 μl. D2O concen-
tration was 95%. In the H/D experiment, 2 μl of β2GPI
(1 μg/μl) was added to 40 μL of D2O buffer, and incu-
bated at 25�C for 10, 30, 100, 300, 1000 or 3000 s. Pre-ice
cooled 150 μl of quench buffer (0.1% trifluoroacetic acid,
1 M TCEP) reduced the pH of the sample to pH 2.5 and
cooling the sample down to terminate the H/D exchange
reaction. Deuterated samples were added to the activated
immobilized-pepsin for proteolysis for 20 min, during
which with brief vertex-shaking every 30 s. The
immobilized-pepsin was activated by rinsing agarose
beads three times with 0.1% TFA. All containing tubes,
reagents and pipette tips were pre-cooled in advance on
ice or stored at 4�C. After completing hydrolysis, pepsin
agarose beads were centrifuged and removed before
applying the liquid-chromatography mass spectrometry.
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