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Abstract

Background: Heparin-induced thrombocytopenia (HIT) is a serious complication caused
by heparin drugs. The ultralarge complexes formed by platelet factor 4 (PF4) with
heparin or low molecular weight heparins (LMWHSs) are important participants in
inducing the immune response and HIT.

Objectives: We aim at characterizing the interaction between PF4 and long-chain
heparin oligosaccharides and providing robust analytical methods for the analysis of
PF4-heparin complexes.

Methods: In this work, the characteristics of PF4-enoxaparin complexes after incu-
bation in different molar ratios and concentrations were analyzed by multiple analytical
methods, especially liquid chromatography-mass spectrometry and liquid chromatog-
raphy-tandem mass spectrometry with multiple reaction monitoring were developed to
qualitatively and quantitatively monitor heparin oligosaccharides and PF4 in HIT-
inducing complexes.

Results: The results showed that the largest proportion of ultralarge complexes formed
by PF4 and enoxaparin was at a specific molar ratio, ie, a PF4/enoxaparin ratio of 2:1,
while the ultralarge complexes contained PF4 tetramer and enoxaparin at a molar ratio
of approximately 2:1.

Conclusion: A binding model of PF4 and enoxaparin in ultralarge complexes is pro-
posed with one heparin oligosaccharide chain (~ dp18) bound to 2 PF4 tetramers in
different morphologies to form ultralarge complexes, while PF4 tetramer is surrounded
by multiple heparin chains in smaller complexes. Our study provides new insights into
the structural mechanism of PF4-LMWH interaction, which help to further understand

the mechanism of LMWH immunogenicity and develop safer heparin products.
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1 | INTRODUCTION

As an immune drug reaction, heparin-induced thrombocytopenia (HIT)
occurs frequently when heparin and heparin-derived drugs are used
clinically to prevent and treat pathologic coagulation [1]. HIT occurs in
about 0.5% to 1% of medical and/or surgical patients receiving
unfractionated heparin (mean molecular weight [MW] ~15 kDa) [2,3],
leading to irreversible aggregation and depletion of blood platelets.
HIT can be complicated by deep venous thrombosis or pulmonary
embolism and can threaten a patient’s life [4]. Likewise, HIT also oc-
curs with the use of low molecular weight heparins (LMWHs, MW 3
kDa ~ 6 kDa), which are the products of controlled heparin degra-
dation, by chemical or enzymatic means. LMWHSs have more defined
chemical and biological properties and lead to HIT in about 0.1% to
0.5% cases, less frequently than unfractionated heparin [4,5]. Ac-
cording to current understanding, HIT is caused by antibodies that
recognize complexes formed by platelet factor 4 (PF4, also known as
CXCL4) and heparin or LMWHs [6]. PF4, a basic protein synthesized
and released by activated platelet a-particles, generally exists in the
form of a tetramer, and the relative molecular weight of each PF4
monomer is 7.8 kDa [7]. PF4 combines with negatively charged hep-
arin or LMWHs mainly through non-specific electrostatic binding to
form PF4-heparin complexes that trigger the immune response to
produce antibodies (eg, 1gG). These antibodies tightly bind to the PF4-
heparin immune complexes, to form IgG-heparin-PF4 complexes,
which can promote platelet activation and aggregation by binding with
FCyRlla receptor on platelets, resulting in increased platelet con-
sumption and ultimately thrombocytopenia, and risk of venous and
arterial thrombosis [8]. However, the mechanisms underlying the
formation of PF4-heparin complexes have not been clearly identified.

PF4-heparin interaction is clinically significant, as the properties of
the PF4-heparin complexes are closely related to the immune response
and the occurrence of HIT. The shorter sugar chains in LMWHSs or
fondaparinux sodium have lower possibility to form the complexes with
PF4 and produce less anti-PF4-heparin antibodies than those in hep-
arin [9]. Ultralarge complexes (MW > 670 kDa), formed by PF4
tetramer and heparin/LMWHs, are central to the pathogenesis of HIT,
and are formed in a narrow molar concentration range as demonstrated
using size exclusion chromatography (SEC) [10,11]. Many techniques
are used to report physicochemical characteristics of the PF4-heparin
complexes, eg, binding affinity [12], average physical size, and surface
charge [13,14]. Based on rupture forces and bond dynamics, a binding
model for PF4-heparin complexes was proposed in which short
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Essentials

* The U.S. Food and Drug Administration and the European
Medicines Agency emphasize immunogenicity-related
considerations for low molecular weight heparins.

« Liquid chromatography-tandem mass spectrometry with
multiple reaction monitoring was developed to monitor
low molecular weight heparins and platelet factor 4 in
ultralarge complexes.

* PF4 and enoxaparin formed ultralarge complexes in a
molar ratio approximately 2:1.

* Proposed binding model has heparin oligosaccharide
(dp18) binding 2 PF4 tetramers.

heparins (<8 saccharide units) bind to one PF4 tetramer, while long
heparins bind to 2 PF4 tetramers [15]. The application of native mass
spectrometry (MS) provides a more nuanced picture of the interaction
of PF4 with short heparin chains (<10 saccharide units), ie, each
tetramer accommodates up to 6 pentasaccharides and longer poly-
anions can also induce PF4 dimer assembly when bound to the protein
in relatively low numbers [16]. The crystal structures of fondaparinux
sodium and PF4 tetramer support the hypothesis that heparin binds to
more than one PF4 tetramer to form ultralarge complexes [17]. Even
so, extrapolating the results obtained for short-chain oligosaccharides
to longer chains remains challenging. Adequate detail about PF4-hep-
arin interaction and robust analytical methods are still currently lacking
due to the large molecular weight and complex structure of the PF4-
heparin complexes.

Herein, we aim at characterizing the complexes formed by PF4 and
enoxaparin sodium, the most commonly used LMWH in clinic and pro-
vide new insights into the binding ratio and mode of PF4 and long
heparin oligosaccharides in the complexes. The particle size of the
complexes formed by PF4 and enoxaparin or heparin at different con-
centrations are analyzed to obtain the molar ratio of reactants forming
complexes. We address here the proportion of these complexes, espe-
cially the ultralarge complexes, and compare these using SEC. More
importantly, liquid chromatography-mass spectrometry (LC-MS) and LC-
MS/MS with multiple reaction monitoring (MRM) are developed to
qualitatively and quantitatively monitor heparin oligosaccharides and
PF4 in HIT-inducing complexes. Based on the binding molar ratio be-

tween PF4 and enoxaparin, a binding model of PF4 tetramer and heparin
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oligosaccharide (dp18) is proposed in which one heparin chain binds to 2
PF4 tetramers in different morphologies to form ultralarge complexes,
while multiple heparin chains bind one PF4 tetramer in smaller com-
plexes. Our findings contribute to advancing the understanding of the
interaction between PF4 and heparin products, and improving the

immunogenicity evaluation and drug safety of heparin products.

2 | MATERIALS AND METHODS

2.1 | Materials

Enoxaparin sodium was purchased from Sanofi Winthrop Industrie and
unfractionated heparin was obtained from the U.S. Pharmacopeia.
Human PF4 was purchased from Abcam. Heparinase |, Il, and Il were
purchased from Asnail Biotechnology Co, Ltd. 2-Aminoacridone
(AMAC) was purchased from Sigma-Aldrich. Trypsin was obtained
from Promega. All other chemicals and reagents were of high perfor-
mance liquid chromatography (HPLC) grade.

2.2 | Dynamic light scattering and zeta potential
The size and charge of PF4-heparin/enoxaparin complexes were
measured using the Zetasizer Nano ZS90 equipped with a fixed 90
scattering angle and a helium-neon (He-Ne) laser (0.4 mW, 633 nm). In
this experiment, the concentration of PF4 was 30 pg/mL, and based on
clinical dosage, enoxaparin sodium or heparin sodium was gradually
added to the system, O international unit (IU)/mL, 0.22 IU/mL, 0.44 1U/
mL, 0.87 IU/mL, 1.73 1U/mL, 3.46 IU/mL and 6.92 IU/mL, respectively.
The contents and molar concentrations of heparin and enoxaparin can
be calculated according to the drug instructions, heparin (217 1U/mg,
MW = 16 kDa) and enoxaparin (100 IU/mg, MW = 4.5 kDa). Heparin or
enoxaparin and PF4 were dissolved in HPLC grade water and incubated
at 37 °C for 1 hour in different molar ratios and concentrations. Then
the measurements were taken at 37 °C, and the size and Zeta potential
measurements were reported as the average measurements of 3 fresh
samples with 3 readings recorded per sample.

23 |
SEC

Analysis of PF4-enoxaparin complexes using

PF4 (0.1 mg/mL) and various amounts of enoxaparin (0-6.92 IU/mL)
were dissolved in sodium phosphate buffer (pH 7.4; 10 mM). The
mixture was then incubated at 37 °C for 60 minutes before injected
into the Thermo U3000 HPLC system. The complexes were separated
in an isocratic elution using the same phosphate buffer (pH 7.4;
10 mM) at 0.5 mL/min, 37 °C using a TSK Gel G5000PWXL (10 pm,
7.8 mm x 300 mm) column. UV 210 nm and 232 nm wavelengths
were selected to detect the complexes and other components. All

experiments were repeated 3 times.

2.4 | Basic building block analysis of enoxaparin using
hydrophilic interaction liquid chromatography-MS

Exhaustive enzymatic digestion was performed based on our previous
method [18]. The disaccharides were determined using a hydrophilic
interaction liquid chromatography-MS method carried out on a Thermo
Scientific Ultimate 3000 UPLC and an LTQ Orbitrap XL FT mass spec-
trometer. The parameters were same as our previous work [19] with
changes of step gradient: 0 to 20 minutes, 95% B; 20 to 122 minutes, 95%
to 77% B; 122 to 127 minutes, 77% to 50% B; 127 to 150 minutes, 50% B.
MS parameters were as follows: spray voltage, -4.2 kV; capillary voltage,
-40 V; tube lens voltage, -50 V; capillary temperature, 275 °C; sheath
flow rate, 30 arb; acquisition resolution, 60,000; and mass range, 240 to
800. The data were processed by using Thermo Xcalibur 3.0 software.

2.5 | MS/MS analysis of AMAC-labeled enoxaparin
disaccharides

The enoxaparin disaccharides were labeled with AMAC [20]. MS and
MS/MS analysis was performed on a SCIEX Triple Quad 6500+ mass
spectrometer in negative ion mode. The MS/MS parameters were as
follows: parent ion: AIS-AMAC, m/z (Q1): 384.5, z = -2, collision en-
ergy = -15 V, DP = 60 V; AIVA-AMAC, m/z (Q1): 572.2, z = -1,
collision energy = -25 V, DP = 60 V; mass range, 100 to 800.

2.6 | LC-MS/MS MRM analysis of AMAC-labeled
enoxaparin disaccharides

ExionLC UPLC system connected to a SCIEX Triple Quad 6500+ mass
spectrometer was used to perform the LC-MS/MS MRM analysis. A
Thermo BDS HYPERSIL C18 column (3 pm, 150 mm x 2.1 mm) was used.
Mobile phase A was composed of 50 mM ammonium acetate in water, and
methanol was used for mobile phase B. The gradient elution was 5% B for 2
minutes, 5% B to 55% B for 12 minutes, and 100% B for 8 minutes. The
flow rate was set at 200 pL/min, and the column temperature was 45 °C.
The MRM transitions were optimized using the AMAC-labeled di-
saccharides. The final optimized conditions and collision energies for the all
of the MRM transitions are as follows: MRM transitions: AIS-AMAC, m/z
(Q1): 384.5,z=-2,m/z (QQ): 344.5, z = -2, collision energy: -15 V; AIVA-
AMAC, m/z (Q1): 572.2, z = -1, m/z (Q3): 396.2, z = -1, collision energy:
-25 V. The data were processed by SCIEX Analyst software.

2.7 | LC-MS and LC-MS/MS analysis of PF4 peptides
Sequence analysis of PF4 was carried out based on our previous
method [21]. Briefly, samples were mixed with denaturing buffer, then
incubated with D,L-dithiothreitol and alkylated with iodoacetamide.
Samples were digested with trypsin at an enzyme-to-protein ratio of
1/50 (w/w) at 37 °C for 12 hours. Nano-LC-MS/MS analysis was

performed on a Thermo Easy-nanoLC and an Orbitrap Fusion Lumos
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mass spectrometer equipped with a nanospray ion source. An Acclaim
PepMap 100 trap column (2 cm x 75 um, nano Viper 2Pk) and an
Acclaim PepMap rapid separation liquid chromatography analytical
column (25 cm x 75 um, nano Viper, C18, 2 um) were used. Mobile
phase A was 0.1% formic acid in 2% acetonitrile, and mobile phase B
was 0.1% formic acid in 98% acetonitrile. The gradient elution was 2%
to 7% B for 4 minutes, 7% to 22% B for 40 minutes, 22% to 35% B for
10 minutes, and 35% to 90% B for 5 minutes. The flow rate was set at
300 nL/min. The MS/MS parameters were set as follows: positive ion
mode; capillary voltage, 2.1 kV; ion transfer tube temperature, 275 °C;
ion spray voltage, 2,300 V; Orbitrap resolution, 120,000; scan range,
100 to 2000; quadrupole isolation window, 2; and collision energy,
30%; fragmentation, higher-energy collisional dissociation. The data
were processed by Proteome Discoverer 3.0 software.

2.8 | MS/MS and LC-MS/MS MRM analysis of PF4
Quantification analysis of PF4 was developed based on our previous
method [21]. After reduction and alkylation, samples were digested
with trypsin. The MS/MS and LC-MS/MS MRM analysis of PF4 was
performed on a SCIEX Triple Quad 6500+ mass spectrometer in pos-
itive ion mode. The column was Thermo BDS HYPERSIL C18 (3.0 pm,
150 mm x 2.1 mm). Mobile phase A was 0.1% formic acid in water, and
mobile phase B was 0.1% formic acid in acetonitrile. The gradient
elution was mobile phase 2% B for 5 minutes, 2% to 20% B for 3 mi-
nutes, 20% to 35% B for 12 minutes, 35% B for 3 minutes, and 98% B
for 13 minutes. The flow rate was set at 0.15 mL/min. The MS/MS
parameters were as follows: parent ion: TSQVRPR, m/z (Q1): 472.8,
z = +2, collision energy = 35V, DP = 60 V; HITSLEVIK, m/z (Q1): 520.3,
z = +2, collision energy = 35 V, DP = 60 V; mass range, 100 to 1000.
MRM transitions: TTSQVRPR, m/z (Q1): 472.8,z = +2, m/z (QQ3): 742.4,
z = +1, collision energy: 35 V; HITSLEVIK, m/z (Q1): 520.3,z = +2, m/z
(Q3): 251.2, z = +1, collision energy: 35 V.

2.9 | Molecular modeling

The PF4 dimer structure (PDB: 4R9W) published by Cai et al. [17] was
used to generate molecular models of a single tetramer and double
tetramer structure. The protein-protein docking function in MOE2022
[22] was used to dock 2 dimers when generating the tetramer and then
to dock 2 tetramers when generating the higher oligomeric structure.
To complete the docking simulation, rigid body refinement was used
along with 10000 pre-placement steps, 1000 placement steps and then
20 refined structures were retained. The lowest energy structures were
then used to perform the docking experiment involving dp18 [23]. The
general docking function in MOE2022 was used along with the induced
fit refinement method to complete the docking of dp18 to the PF4

dimer and higher oligomeric species.
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3 | RESULTS AND DISCUSSION

3.1 | Heterogeneity and molecular weight
distribution of PF4-enoxaparin complexes formed at
different PF4-enoxaparin ratio

Heparin, a mixture of negatively charged, linear polysaccharides
extracted from porcine small intestinal mucosa, consists of repeating
disaccharide units formed by a-D-N-acetylglucosamine and «-L-idur-
onic acid or p-D-glucuronic acid sugar residues that are modified with
various sulfate groups [24]. Degradation of unfractionated heparin
results in less polydisperse and smaller LMWHs, including enoxaparin
sodium (mean MW ~4.5 kDa), dalteparin sodium (mean MW ~6.0
kDa) and nadroparin calcium (mean MW ~4.3 kDa). Enoxaparin so-
dium is the most frequently prescribed LMWH worldwide, and is
obtained by alkaline hydrolysis of benzyl esters of unfractionated
heparin [25]. The size distribution of the complexes formed by PF4
and enoxaparin at different molar ratios was evaluated.

The Zetasizer Nano instrument, a user-friendly system for char-
acterization of nanoparticles and macromolecules in solution, was
used to analyze the size distribution profile of PF4-heparin/enox-
aparin complexes. Size measurement was achieved by dynamic light
scattering based on Brownian motion. Studies have shown that the
patterns of PF4-heparin complexes remained the same when they
were incubated at 37 °C for <2 hours [11]. In our study, PF4 and
enoxaparin or heparin were incubated at 37 °C for 1 hour before
analysis. The particle size measurement results are shown in Figure 1,
Supplementary Tables S1 and S2. Confirming the literature data [13],
we observed a bell-shaped relationship between heparin or enox-
aparin concentration and complex size, and that enoxaparin was less
likely to form larger complexes at the same concentration (Figure 1A).
We also found that PF4 and enoxaparin formed large particle size,
producing large complex molecule when mixed at the molar ratio of
2:1 (Figure 1B). The surface charge of the complexes, referred to as
the Zeta potential, is another important indicator to evaluate the
binding activity between LMWHSs and PF4. When the molar ratio of
PF4: enoxaparin is 2:1, the strongly negative Zeta potential value
(-34.5 + 1.7 mV) kept the particles stable in solution (Supplementary
Table S3).

Then, the heterogeneity and molecular weight distribution of the
complexes formed at different PF4/enoxaparin ratio (4:1, 2:1, and 1:1)
were further analyzed using SEC (Figure 1C, Supplementary Tables S4
and S5). As shown in Figure 1C, enoxaparin and PF4 formed a
complicated peak (retention time [RT] = 18-25 minutes) when PF4/
enoxaparin ratio was 4:1. When adding more enoxaparin, a high mo-
lecular weight peak (RT = ~11.5 minutes) was observed at PF4/
enoxaparin ratio 2:1 that accounted for 47 + 2% of the total area. But
this peak disappeared and another peak (RT = ~17.5 minutes)
appeared when PF4/enoxaparin ratio was 1:1 and accounted for 27 +
2% of the total area. Based on these results and other researchers’

work [10,11], we speculated that the 2 newly emerged peaks were
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FIGURE 1 Size and size distribution of solutions containing PF4 and different concentrations of heparin/enoxaparin. (A) Particle size of
complexes formed by PF4 and heparin/enoxaparin at different concentrations. (B) Particle size and size distribution of complexes formed by
PF4 and enoxaparin at different PF4/enoxaparin ratio. (C) Size exclusion chromatography chromatograms of PF4 and enoxaparin mixture with
different PF4/enoxaparin ratios. PF4, platelet factor 4; PER, PF4-enoxaparin molar ratio; ULCs, ultralarge complexes; SCs, smaller complexes.

ultralarge complexes (RT = ~11.5 minutes) and the smaller complexes
(RT = ~ 17.5 minutes), while the peak (RT = 18-25 minutes) was a
mixture of PF4/enoxaparin with no large molecular weight complexes
formed. Here, the RT of enoxaparin (MW 4.5 kDa) is shorter than that
of PF4 (the monomer is 7.8 kDa, but it may be in the form of
tetramer). This may be because enoxaparin tends to exist in the form
of long chain in solution, while PF4 protein tends to exist in the form
of sphere. Another thing to be explained is that UV detection was
performed using different wavelengths, 210 nm and 232 nm. PF4
absorbs at both wavelengths so these are not specific to either
compound. Consequently, more specific analytical methods are
required to further analyze the composition of each peak.

3.2 | AQualitative analysis of ultralarge and smaller
complexes using high-resolution MS

High-resolution MS can provide definitive compositional information
for each peak in the SEC chromatograms. We enriched the ultralarge
complexes produced by 2:1 and smaller complexes produced by 1:1
mixture of PF4 and enoxaparin. Then the fractionated materials were
evenly divided into 2 parts, and the components of enoxaparin and
PF4 were analyzed, respectively. The samples were desalted and
enzymatically hydrolyzed with 3K ultrafiltration membrane. Finally,
the products under the membrane were collected after centrifugation,
and qualitative analysis was performed using MS (Figure 2A).
Heparin is comprised of repeating disaccharide units of hexuronic
acid residue (HexA) 1-4 linked to glucosamine residue (GIcN). The
variability includes epimerization of HexA (either iduronic acid [doA]

or glucuronic acid [GlcA]) and possible substitution at the 2-O-position

of HexA, 6-0-, 3-O-positions of GIcN, and/or the nitrogen of GIcN (NS
or NAc). Enoxaparin is prepared by the chemical depolymerization of
heparin, and the structure is shown in Figure 2B. After exhaustive
enzymatic digestion, enoxaparin is broken down to its basic building
blocks, and the backbone disaccharides include AIS (AUA2S-GIcNS6S),
AlIS (AUA-GIcNS6S), AllIS (AUA2S-GICNS), AIVS (AUA-GICcNS), AIA
(AUA2S-GIcNAC6S), AlIA (AUA-GIcNAC6S), AlIIA (AUA2S-GIcNAC),
and AIVA (AUA-GIcNAC) [18] (structures shown in Supplementary
Figure S1). In our study, main peaks of SEC chromatograms at
different PF4/enoxaparin ratios were separated and exhaustively
digested by heparinase |, Il, and Il before basic building blocks anal-
ysis using hydrophilic interaction liquid chromatography-MS
(Figure 2C). Disaccharides analyzed by LTQ Orbitrap XL FT mass
spectrometer with theoretical mass of disaccharide, observed m/z,
charge state of detected molecules and the accuracy (ppm) were
shown in Supplementary Table Sé. Typical disaccharides were all
identified in peak (RT = ~11.5 minutes) at PF4/enoxaparin ratio 2:1
and peak (RT = ~17.5 minutes) at PF4/enoxaparin ratio 1:1, which
confirmed the presence of enoxaparin. Prior to MS analysis, PF4 was
digested with trypsin to produce peptides. Trypsin specifically cleaves
peptide bonds at the C-terminal side of lysine (K) and arginine (R)
residues. PF4, sequence shown in Figure 2D, was digested into po-
tential marker peptides, such as TTSQVRPR, HITSLEVIK, and
EAEEDGDLQCLCVK (Figure 2E). The assigned peptide data including
the confidence value (Xcorr) confirmed by Proteome Discoverer was
shown in Supplementary Figure S2 and Table S7. C18-MS was used to
detect these marker peptides in each peak of SEC chromatograms,
which again confirmed the presence of PF4 in the peak (RT = ~11.5
minutes) at PF4/enoxaparin ratio 2:1 and peak (RT = ~17.5 minutes)

at PF4/enoxaparin ratio 1:1. Using MS, we confirmed the presence of
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FIGURE 2 Qualitative analysis of complexes using high-resolution mass spectrometry. (A) Workflow of component identification for peaks
obtained by size exclusion chromatography. (B) Structure of enoxaparin. (C) Disaccharides of enoxaparin analyzed by hydrophilic interaction
liquid chromatography-MS in negative ion mode. (D) Sequence of PF4. (E) Peptides of PF4 detected by C18-MS in positive ion mode. PF4,

platelet factor 4; MS, mass spectrometry.

ultralarge complexes (RT = ~11.5 minutes) and smaller complexes
peak (RT = ~17.5 minutes).

3.3 | Quantitative analysis of the binding molar
ratio of PF4 and enoxaparin in ultralarge and smaller
complexes using LC-MS/MS MRM

The formation of ultralarge complexes is critical for the immunoge-
nicity of heparin/LMWHs [10]. To elucidate the interaction between
PF4 and enoxaparin and the formation of the complexes, ultralarge
complexes formed at PF4/enoxaparin ratio 2:1 and smaller complexes
formed at PF4/enoxaparin ratio 1:1 were separated and collected
using SEC. LC-MS/MS MRM has been applied as the “gold standard”

method for quantification of both small molecules and large bio-
molecules [26]. In our work, complexes were collected, desalted, and
digested using the same workflow as shown in Figure 2A, then LC-MS/
MS MRM was used to obtain the absolute content of PF4 and enox-
aparin in the ultralarge and smaller complexes, respectively.

We chose 2 typical disaccharides of enoxaparin, AlS and AIVA, to
measure the enoxaparin content. These disaccharides were labeled
with AMAC to increase the intensity and shorten the analytical time
[20], and the fragmentation patterns of MS/MS acquired by SCIEX
Triple Quad 6500+ mass spectrometer were shown in Figure 3A, B.
Product ions with high intensity and high specificity are used to
establish MRM method. Based on the MS2 data, MRM transition
384.5>344.5 was applied to selectively monitor the AMAC-labeled
AlIS in the complexes in which 384.5 is doubly charged ion of
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FIGURE 3 Monitoring enoxaparin and PF4 in HIT-inducing complexes using liquid chromatography-tandem mass spectrometry with
multiple reaction monitoring obtained by SCIEX Triple Quad mass spectrometry. Tandem mass spectra of markers (A) AIS (AUA2S-GIcNS6S)
-AMAC and (B) AIVA (AUA-GIcNAc) -AMAC analyzed in negative ion mode, (C) TTSQVRPR and (D) HITSLEVIK analyzed in positive ion mode.
Multiple reaction monitoring transitions of (E) AIS-AMAC and AIVA-AMAC for enoxaparin detection and (F) TTSQVRPR and HITSLEVIK for
PF4 detection. ULCs, ultralarge complexes. HIT, heparin-induced thrombocytopenia; PF4, platelet factor 4.

AMAC-labeled AIS in negative ion mode and 344.5 is an ion produced
by neutral loss of sulfate group. For AMAC-labeled AIVA, the MRM
transition is 572.0>396.2 in which 572.0 is doubly charged ion of
AMAC-labeled AIVA in negative ion mode and 396.2 is an ion pro-
duced by loss of AUA residue. Likewise, the fragmentation patterns of
MS/MS data acquired by SCIEX Triple Quad 6500+ mass spectrom-
eter for 2 marker peptides of PF4, TTSQVRPR, and HITSLEVIK are
shown in Figure 3C, D. The product ions were then chosen to develop
LC-MS/MS MRM method to detect PF4 in the complexes. MRM
transitions for TTSQVRPR is 472.8>742.4 in which 472.8 is doubly
charged ion of TTSQVRPR in positive ion mode and 742.4 is single
charge ion of SQVRPR. MRM transitions for HITSLEVIK is
520.3>251.2 in which 520.3 is doubly charged ion of HITSLEVIK in
positive ion mode and 251.2 is single charge ion of HI minus OH
group. Furthermore, 742.4 is chosen for its high specificity and better
interference, which is suitable for

resistance to impurity

quantification. While 251.2 is chosen for its high intensity and is
suitable for qualitative analysis at low levels. Both the 2 transitions of
enoxaparin and PF4 were used to analyze the ultralarge complexes to
exclude false positives. LC-MS/MS MRM analysis for enoxaparin and
PF4 were performed using different mobile phases and gradient
conditions, and AMAC-labeled disaccharides were detected in nega-
tive ion mode and peptides in positive ion mode using SCIEX Triple
Quad 6500+ mass spectrometer. Peaks were detected in all 4 tran-
sitions of the ultralarge complexes as shown in Figure 3E, F, again
confirming that these are complexes of enoxaparin and PF4.
Quantification was carried out using components with higher
content and better stability, and AIS was selected to quantify enox-
aparin in the complexes, while TTSQVRPR was used to quantify PF4 in
the complexes. The standard curves of LC-MS/MS MRM for both
enoxaparin and PF4 showed good linearity (Figure 4A, B). The content

of PF4 and enoxaparin in the ultralarge and smaller complexes was
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FIGURE 4 Binding molar ratio and
model of PF4 and enoxaparin in ultralarge
and smaller complexes. Standard curve of
(A) PF4 quantified by peptides TTSQVRPR
and (B) enoxaparin quantified by AMAC-
labeled AIS. Quantification of PF4 and
enoxaparin in (C) ultralarge complexes and
(D) smaller complexes by peptides
TTSQVRPR and AMAC-labeled AlS. (E) The
binding molar ratio of PF4 tetramer and
enoxaparin in ultralarge complexes and
smaller complexes. AMAC, 2-
aminoacridone; PF4, platelet factor 4; SCs,
smaller complexes; ULCs, ultralarge
complexes.
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FIGURE 6 Proposed binding mode of heparin chains and PF4 tetramers. (A) PF4 complexed with short-chain heparin (PDB: 4R9W), (B)
smaller complexes and (C) ultralarge complexes formed by PF4 tetramers and heparin chains. PF4, platelet factor 4.

calculated based on the LC-MS/MS MRM results (Figure 4C, D). PF4
can assume dimer and tetramer configurations (Figure 4E). The

calculation formula is as follows.

Mprg . Menoxaparin

PF4 tetramer : enoxaparin = :
MPF4 tetramer Menoxaparin

Mmpe4 is the content of PF4, Mpr4 tetramer iS the molecular weight of PF4
tetramer (Mpga tetramer = 31200 Da), Menoxaparin 1S the content of
enoxaparin, Menoxaparin is the average molecular weight of enoxaparin
(Menoxaparin = 4500 Da).

The results demonstrated the binding molar ratio of PF4 tetramer
and enoxaparin in ultralarge complexes was 2:1, while the binding
molar ratio of PF4 tetramer and enoxaparin in smaller complexes was
1:5 (Supplementary Tables S8 and S9). There were slight differences in
the quantitative results when selecting other peptides and di-
saccharides species. For example, the quantitative results of peptide
EAEEDGDLQCLCVK were unstable due to disulfide bonds. For cur-
rent LC-MS/MS MRM method, TTSQVRPR and AMAC-labeled AIS
were more stable and ideal quantitative choices. The quantification
results indicate that longer heparin chains, like enoxaparin (~ dp18),
are too long to just bind to one PF4 tetramer. Therefore, they are
likely to bridge between 2 PF4 tetramers to find maximal binding
partners to neutralize their negative charges (Figure 4E). For smaller
complexes, PF4 tetramer was surrounded by multiple heparin chains,

which inhibited the connection with other PF4 tetramers.
3.4 | Molecular modeling of binding model and sites
of PF4 tetramers and long heparin chains

Despite our data accounting for the formation of the ultralarge com-
plexes via a 2:1 molar ratio of PF4 tetramers and enoxaparin, we still

lacked a molecular understanding of the conformations sampled in this
state. To address this shortcoming, we developed a binding model of the
PF4 tetramer and heparin oligosaccharide (dp18) in ultralarge complexes
(Figure 5) in which one heparin chain is bound to 2 PF4 tetramers. The
proposed binding model of PF4 and heparin oligosaccharide in ultralarge
complexes is based on the binding molar ratio found in this study.

The PF4 dimer structure (PDB: 4R9W) was used to generate a
single PF4 tetramer and double tetramer structure, and then used to
analyze the interaction with dp18 (Supplementary Figure S3). From
our molecular model, we were able to determine that the bound state
of PF4 tetramers in complex forms with the heparin oligosaccharide
dp18 can sample multiple conformations, namely “side-by-side” form
(Figure 5A, Supplementary Figure S4), “up-and-down” form (Figure 5B,
Supplementary Figure S5) and “hamburger” form (Figure 5C,
Supplementary Figure Sé). In general, the cluster of positively charged
amino acids (R20, R22, H23, K31, H35, K46, R49, K61, K62, K65, K66)
on the PF4 tetramer enables binding of the negatively charged dp18.
Dp18 binding engages amino acids from each tetramer to stabilize the
complex. Although different conformations of the complex can be
formed, they will not be equally stable, as per the average binding
energy shown Figure 5. The diverse combination modes enable the
complexes to aggregate to form abundant ultralarge complexes. The
existence and stability difference of the 3 binding forms make the
ultralarge complexes diverse, which may explain the extensive mo-
lecular weight distribution of the ultralarge complex observed on the
SEC chromatogram at PF4/enoxaparin ratio 2:1.

4 | CONCLUSION

HIT, a serious complication caused by heparin/LMWH products, can

lead to thrombosis and embolism. The complexes formed from PF4
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with heparin/LMWHs are important participants in inducing immune
response and HIT. Properties of PF4-heparin/LMWHSs complexes,
including the particle size, surface charge, and amount of the com-
plexes, can be impacted by the ratio and concentration of the 2
components. It is critical to study the formation of ultralarge and
smaller complexes formed by PF4 and LMWHs to evaluate the
immunogenicity of LMWHs and ensure the safety of medication.

In our work, after incubation at different ratios and concentra-
tions, the characteristics of the complexes formed by PF4 and enox-
aparin were studied using multiple analytical methods. The particle
size, Zeta potential, and proportion of the complexes formed by PF4
and enoxaparin at different concentrations showed that the ultralarge
complexes were easily formed at the PF4/enoxaparin ratio of 2:1.
Moreover, qualitative and quantitative analysis of the ultralarge
complexes using LC-MS and LC-MS/MS MRM revealed that PF4
tetramer and enoxaparin bind in a molar ratio of approximately 2:1,
while the smaller complexes contained PF4 tetramer and enoxaparin
at a molar ratio of approximately 1:5. A binding model is proposed
based on the binding ratio discovered in our work and former crystal
structure in which one heparin chain (dp18) is bound to 2 PF4 tet-
ramers in ultralarge complexes, while PF4 tetramer is surrounded by
multiple heparin chains in smaller complexes.

In this study, we propose a binding mode of heparin chains and
PF4 tetramers (Figure 6), and visually demonstrate the process and
differences in the formation of complexes between different heparin
chains and PF4 tetramers. Short-chain lengths in fondaparinux and
PF4 tetramers pose a challenge to form macromolecular complexes
(Figure 6A), while long-chain heparin and PF4 tetramers can aggre-
gate to form smaller (Fig. 6B) or ultralarge complexes (Figure 6C) at
different molar ratios. Our study findings provide new insights into the
interaction between PF4 and LMWHSs, and afford a structural basis for
further understanding the immunogenicity mechanism of LMWHs.

It can also be inferred that there will be differences in the binding
ratio of heparin and other LMWHSs to PF4 when forming complexes
due to the differences in the chain length and structure. The formation
of the complexes will reflect the immunogenicity of the heparin drugs
and changing the structure of the heparin oligosaccharides or
destroying the formation of the ultralarge complexes will help reduce
the occurrence of HIT pathology. Future experiments aim at applying
these methods to other heparin drugs and designing heparin analogs
with reduced risk of HIT.
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