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Abstract
Disabled-2 (Dab2) is an adaptor protein that plays critical roles in various biological processes,
including protein endocytosis, platelet activation and aggregation, tumor growth, and development.
In platelets, Dab2 associates with membrane sulfatide at the platelet surface, modulating platelet
inside-out and outside-in signaling pathways. A Dab2-derived peptide, named the sulfatidebinding peptide (SBP), is the minimal unit of Dab2 to exert its function as a negative regulator of
platelet activation and aggregation. The work of this thesis refines the model of Dab2 SBP binding
to sulfatide and provides structural and functional insights into the mechanism by which Dab2
SBP modulates platelet activation.
Using molecular docking, lipid-protein overlay assay, nuclear magnetic resonance, and surface
plasma resonance tools, this work identifies the critical residues within two major regions
responsible for sulfatide interaction. First, docking a sulfatide to Dab2 SBP, a hydrophilic region,
primarily mediated by Arg42, is thought to be responsible for the association with the sulfatide
headgroup. We observed that Arg 42 could directly interact with sulfatide by forming hydrogen
bonds with the OS atoms in the sulfatide head group. Further lipid-protein overlay assay and
surface plasma resonance experiments confirmed that both the positive charge and stereochemistry
of the side chain of Dab2 SBP Arg42 are required for the sulfatide binding. Moreover, Arg42 is
found to be critical in the inhibition of P-selectin expression on activated platelets. The residues
nearby Arg42 (i.e., Glu33, Ty38, and Lys 44) also contribute to sulfatide interaction. Second, the
second polybasic motif located at the C-terminal a-helix 2 is considered to interact with the acyl
chain through hydrophobic interactions rather than direct binding to the charged sulfatide head
group. Lysine residues in this region are suggested to exert a dual role in sulfatide association, that
is, by favoring electrostatic interactions with the negatively-charged sulfatide and/or by employing
their flexible hydrocarbon spacers for hydrophobic interactions with membrane lipids. Consistent
with this suggestion, we found a hydrophobic patch in the wild type Dab2 SBP structure
surrounded by Lys49, Lys51, and Lys53. Furthermore, the role of the second sulfatide binding

motif in sulfatide binding is confirmed by mutagenesis analysis and lipid-protein overlay assays,
highlighting the ability of molecular docking to accurately predict critical residues responsible for
sulfatide binding.
In summary, this work provides a detailed structural basis for Dab2 recognition by sulfatide
through multiple biophysical methods. The corresponding biological implications in the inhibition
of platelet activation are also evaluated by flow cytometry. By elucidating the underlying
mechanisms of Dab2 mediating platelet activation through sulfatide binding, we provided
structural and functional insights for designing a Dab2-derived peptide with altered sulfatide
recognition features in platelets, which can be further employed in antiplatelet therapy.
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General Audience Abstract
Platelets are blood cells that are fundamentally intended to help form clots to stop bleeding. They
do so by being activated after getting signals from damaged blood vessels and reaching the injury
site. Consequently, they form aggregates by attracting more platelets to clump on the clot.
However, platelet activation induced by a tumor cell can, in turn, protect the tumor cell from
immune system elimination and facilitates their growth and spread. This platelet-tumor complex
formation suggests platelets as a therapeutic target for reducing tumor migration out of the
bloodstream. Our study investigates the mechanism of a Disabled-2-derived peptide, named Dab2
SBP, which upon binding to a sulfatide lipid, can reduce the platelet activation extent, using
molecular and cellular approaches. The results of this study may be instrumental in the generation
of Dab2 SBP-derived peptides with altered sulfatide binding ability and selectivity, which may
lead to a design of an antiplatelet drug that can limit the ability of tumor cells to invade other
tissues.
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Chapter 1 Introduction
1. Platelet
1.1 Platelet production
Platelets are indispensable components in hemostasis. They also play critical roles in other
fundamental biological processes, including innate immunity, wound healing, inflammation, and
angiogenesis 1. Human platelets are the second most numerous blood cells, with an average of
150-450 ´109/L 2. Each megakaryocyte in the bone marrow can produce over 5,000 platelets.
Approximately two thirds of the platelets are released into the blood circulation and a third is stored
in the spleen 3. It takes ~5 days for megakaryocytes to produce and release platelets in humans 4.
Once released into the bloodstream, human platelets survive for 5-7 days

5

after of which are

removed by macrophages in the spleen and liver.
1.2 Platelet structure
Platelets are anucleated cells with 2-5 µm in diameter and 0.5 µm in thickness 6. Platelets are not
true cells but are classified as circulating fragments of cells. Because they lack nucleus, they do
not have nuclear DNA. However, they have mitochondria and mitochondrial DNA as well as
structures that are crucial to stop bleeding. The platelet plasma membrane contains various surface
receptors and lipid rafts, contributing to multiple signaling cascades and intracellular trafficking.
Also, platelets contain a multitude of secretory granules, which serves pivotal functions for normal
platelet function. Human platelets have two major kinds of organelles involved in secretion, αgranules and dense granules. The α-granule is the most predominate organelle, with 40-100 per
platelet depending on the platelet size 6. The membrane proteins of α-granules are expressed on
the platelet plasma membrane during degranulation. Most of these proteins are also located on the
resting platelet surface, such as integrins (e.g., αIIbβ3) and immunoglobulin family receptors (e.g.,
glycoprotein VI (GPVI)), while some of the membrane proteins in α-granules are not present on
the resting platelet surface, such as P-selectin 3 and CD109 7. Instead, they are expressed on the
platelet surface after activation. α-granules also contain soluble proteins that are released to
extracellular space following activation. The proteins in α-granules are diverse concerning
function, including adhesive proteins (e.g., fibrinogen, P-selectin, and aIIbb3 integrin), coagulant
factors and co-factors (e.g., factors V, XI, and XIII), and anti-coagulants (e.g., Disabled-2). The

1

less prevalent platelet dense granules are composed of large amounts of active molecules that
enhance platelet activation, including Ca2+, adenosine 5′-diphosphate (ADP), serotonin, and
histamine 8.
1.3 Platelet activation and aggregation
The principal function of platelets is to form clots and stop bleeding at the site of damaged
endothelium. They do so by being activated after getting signals from damaged blood vessels and
reaching the injury site. The blood vessel walls are lined by a one-cell thick layer of endothelial
cells. Vascular injury leads to collagen and tissue factor exposed in the subendothelial extracellular
matrix (ECM) to the flowing blood. Within seconds, initial platelets adhere to the damaged blood
vessel via binding of the GPIba subunit of surface glycoprotein Ib-IX-V-receptor (GPIb-IX-V) to
the von Willebrand factor (vWF) immobilized on subendothelial-exposed collagen fiber. Both
GPIba and VWF undergo conformational changes to increase their binding affinity, allowing
platelet adhesion under shear stress, particularly at high flow shear rates 9. Subsequently,
transiently rolling platelets become able to tightly adhere to collagen via the GPVI, promoting a
more firm adhesion

10

and further platelet activation. Binding of GPVI to collagen results in an

increased cytosolic calcium level and the transition of platelet aIIbb3 integrins from a close state
for extracellular ligands to an active state, which favors extracellular ligands binding and triggers
platelet adhesion and aggregation. This process is referred to as inside-out signaling

11

. Many

granule cargoes are also released, potentiating platelet activation and stabilize platelet aggregates
at the site of injury. These granules cargoes include vWF, P-selectin, and fibrinogen from agranules, and ADP, calcium, and serotonin from dense granules. Furthermore, increased calcium
levels triggers rapid cytoskeletal reorganization, inducing the change of platelet shape from the
normal concave discs to a compact sphere with pseudopodial extension, facilitating platelet
adhesion and spreading on the adhesive surface 2. Finally, platelet aIIbb3 integrin interacts with
vWF, endothelial vitronectin, and soluble fibrinogen, which bridges platelets and endothelial cells
as well as adjacent platelets.
During platelet activation, many receptors are also activated other than aIIbb3 integrin receptors.
Ligand binding to receptors not only regulates platelet adhesion and aggregation but also
stimulates intracellular signal events, which leads to stable platelet adhesion, spreading, granule

2

secretion, and irreversible aggregation in the early phase and clot retraction in the later stage. This
process is known as platelet outside-in signaling. Therefore, platelet activation requires the
cooperation of various receptors containing various signals, with each contributing for the
formation of a platelet plug.
1.4 Platelet activation by ADP
Platelets activation can be induced by soluble agonists released at the site of vascular injury or
from activated platelets. One of the essential activators, ADP, is present in the dense granule and
released after activation or from the site of injury. ADP, a weak agonist of platelet activation,
induces only reversible cascades when compared to strong agonist like thrombin. However, all the
other platelet agonists are, more or less, dependent on ADP release to achieve maximal platelet
aggregation, and this dependence is in a dose-dependent manner and varies with the agonist 12.
Consequently, ADP is also called a secondary agonist that strengthens most of the platelet
responses, assisting in the recruitment of additional platelets and stabilizing the thrombus

13

.

Interestingly, ADP activation is thought to be required for sulfatides to exhibit their activating
functions on platelets as the addition of sulfatides to unstimulated platelets did not show any
activation effects 14.
In vitro studies showed that when ADP was added to platelets, a signaling cascade occurred,
including thromboxane A2 (TXA2) formation, protein phosphorylation, a rise in cytosolic calcium,
cell shape change, granule secretion and aggregation 12. Like other soluble agonists, ADP induces
platelet activation via interaction with the G protein-coupled receptor (GPCR) on the platelet
membrane. ADP functions through two purinergic GPCRs, P2Y1 (~150 copies per platelet) and
P2Y12 (~600 copies per platelet) 12. ADP binding to P2Y1 leads to a transient increasement of
intracellular Ca2+, inducing platelet shape change and fast reversible platelet aggregation. Platelet
aggregation is strengthened by ADP binding to P2Y12, which stimulates adenylyl cyclase
inhibition, reduced cyclic AMP (cAMP) levels and amplified secretion and aggregation caused by
other agonists

15

. An optimal platelet aggregation response to ADP in vitro requires the

coactivation of P2Y1 and P2Y12, as platelet function is compromised if any of them or their
coupled G proteins are inhibited or deleted
deletion of P2Y1 and P2Y12 in mice

19

16–18

. Most notably, the effects resulting from the

are in line with those predicted by pharmacological

investigations in human platelets 16.

3

1.5 Interplay between platelets and tumor cells
Metastasis describes the process of cancer cells spreading from the originated site to surrounding
tissues and to distant sites. Remarkably, over 90% of cancer deaths is caused by metastasis

20

.

Within the bloodstream, circulating tumor cells (CTCs) can directly stimulate platelet through
various mechanisms. The activated platelets adhere to tumor cells forming heteroaggregates,
which shield CTCs from the lysis of the immune system and the shear stress of blood flow,
facilitating tumor cell survival

21

and establishing secondary lesions 22. The survived tumor cells

further trigger platelet activation. Tumor cells secrete TXA2 and ADP, which provide a positive
feedback loop that amplifies platelet activation and causes tumor cell-induced platelet aggregation
(TCIPA), facilitating CTCs survival within the circulation. ADP release has been observed in the
aggregation complex of platelet and colon cancer cells. The inhibition of ADP activity has been
associated with reduced aggregation of platelet and tumor cells, indicating ADP serving as a
promotor for tumor cell survival

23

. Moreover, platelet activation leads to the granules

degranulation and secretion, resulting in the release of myriad of growth factors, cytokines,
angiogenic protein and mitogenic proteins that reciprocally act on tumor cells to support tumor
cell establishment at distant sites. Therefore, the interplay between platelets and tumor cells exists,
with tumor cells triggering platelet activation and activated platelets promoting tumor cell survival
and growth

24

. The link between platelets and tumor invasion and migration offers therapeutic

opportunities for manipulation in platelet-mediated extravasation support.

2. Disabled-2 (Dab2)
Disabled 2 (Dab2) has been implicated in many signaling processes, particularly in endocytosis
and platelet function

25

. During clathrin-mediated endocytosis, Dab2 is an adaptor protein that

recruits protein cargoes and lipids to the cell membrane where endocytosis occurs. In platelets,
cytosolic and extracellular Dab2 modulate platelet function through the association with aIIbb3
integrin in different regions. Extracellular Dab2 also interacts with the platelet surface sulfatides
to control the extent of platelet activation and aggregation. Notably, Dab2 also exerts a multifaced
role in tumorigenesis and metastasis.
2.1 Dab2 discoveries and isoforms
Dab2, a mammalian ortholog of the Drosophila Disabled (dDab2) gene, is 30% homologous to
dDab2 and shows 45% identity and 60% sequence homology to Disabled-1 (Dab 1), the other
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mammalian ortholog 26. In comparison, Dab2 is distributed in various tissues, such as brain, kidney
and intestine, whereas Dab1 specifically functions in the brain 27.
Historically, Dab2 was identified as a phosphoprotein with a size of 96 kDa in the murine
BAC1.2F5 macrophage cell line, and it undergone a rapid phosphorylation due to the stimulation
caused by colony-stimulating factor 1

28

. Accordingly, Dab2 is termed as p96. Human Dab2

(hDab2) is also designated as DOC-2 (differentially expressed in ovarian cancer) due to its gene
was characterized as the tumor suppressor gene of ovary cancer 29. The Dab2 gene is present at
chromosome 5p13, and it encodes a protein of approximately 96 kDa with 770 amino acids. The
Dab2 gene is expressed as two spliced isoforms, which are designated as p96 and p67 in mice and
humans, and p82 and p59 in rats30. Thus, p96 is also referred to as p82, and p67 is also known as
p59. p96 contains 15 exons, while p67 lacks the ninth exon corresponding to 230-447 amino acids
in p96. Correspondingly, several binding sites for endocytic proteins are lost in p67. Unlike p96,
p67 is less efficient in endocytosis as it cannot bind to clathrin and the adaptor protein-2 (AP-2) 31.
2.2 Regulation of Dab2 expression
The expression level of Dab2 has been reported to be regulated by various factors. Both p96 and
p67 isoforms can be strongly upregulated by retinoic acid (RA) during mouse embryonic
development

32

. Dab2 expression can be induced by GATA factors during the RA-induced F9

embryonic carcinoma cell differentiation 32. Dab2 has also found to be inhibited by oncogenic Ras
33

, supported by the finding that Dab2 was significantly downregulated in hyperplastic urothelium

in Ras transgenic mice 34. A reciprocal regulation between Dab2 induction and mitogen-activated
protein kinase (MAPK) activity was also suggested in the megakaryocytic differentiation of K562
cells 35.
2.3 Dab2 is a cargo-selective endocytic clathrin adaptor
Clathrin-mediated endocytosis plays a crucial role in vesicular trafficking, through the
transportation of numerous cargo molecules from plasma membrane. It is a predominant
mechanism of eukaryotic cells internalizing extracellular molecules, reorganizing receptors, and
regulating

intercellular

signaling.

The

endocytic

adaptors

associate

with

clathrin,

phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2), and the cytosolic tails of different
transmembrane cargoes containing internalization signals, thus recruiting cargoes to the region of

5

the plasma membrane where the vesicles form. Dab2 is one such adaptor implicated in clathrinmediated endocytosis and cargo trafficking, by favoring multiple interactions through its domains
and sequence motifs (Figure 1).

Figure 1. Schematic representation of Disabled-2 (Dab2) isoforms with their conserved domains and
motifs. Human Dab2 is represented by two isoforms, p96 (top) and p67 (bottom). Dab2 ligand-binding
regions are color coded.

Sequence homology shows that mammalian Dab2 structure and domains are closely related to
many endocytic adaptor proteins, such as Dab1, Numbl, Numb, and Arh

36

. Studies in Dab2

knockout mice suggested that Numb and Arh can provide compensatory expression37 and partial
functional redundancy during embryonic development 38. The highest sequence homology among
Dab2, Dab1, Numb and Arh is found at the N-terminus, where the phosphotyrosine-binding (PTB)
domain is found.
The Dab2 two isoforms, p96 and p67, also share the evolutionarily conserved N-terminal PTB
domain (residues 33-197), which exerts significant functions in protein-protein and protein-lipid
interactions involved in endocytosis. The original characterization of PTB domain indicates that it
is a domain that binds to the NPXY motif containing tyrosine phosphorylation 39. Interestingly,
the PTB domain has also been found to interact with non-phosphorylated NPXY motifs and nontyrosine motifs 40. For example, through the PTB domain, Dab2 recognizes non-phosphorylated
NPXY motifs contained in many cargo transmembrane proteins, such as integrins, megalin, lowdensity lipoprotein (LDL) receptors (LDLR), amyloid precursor protein, and apolipoprotein E
receptor 25,41. The PTB domain can also bind phosphoinositides, preferentially PtdIns(4,5)P2 42, a
critical phosphoinositide for endocytosis

43

. Moreover, this interaction coincides with the
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association of Dab2 and the NPXY motif in cargo proteins, facilitating Dab2 membrane targeting
41

. Indeed, the interaction between adaptor proteins (e.g., Dab2) and PtdIns(4,5)P2 head groups has

been proposed to play a part in membrane curvature formation and lipid bilayer destabilization to
trigger membrane deformation

44

. A supported finding suggested that Dab2 can convey LDL

receptor into clathrin-coated pits through interaction with PtdIns(4,5)P2, independently of the
presence of the clathrin adaptor protein 2 (AP-2) or Arh adaptor protein 42.
The middle region of Dab2 is alternatively spliced, being absent in the p67 variant (Figure 1). This
p96-exclusive middle region consists of two clathrin boxes, two DPF (Asp-Pro-Phe) motifs and
one NPF (Asn-Pro-Phe) motif. Dab2 binds to clathrin directly on its heavy chain and interacts with
pre-assembled clathrin cages, allowing soluble trimeric clathrin to effectively assemble closed
clathrin cages

45

. AP-2 is historically considered as a master regulator of the clathrin-mediated

endocytosis, which regulates receptors, clathrin, and other essential factors at the cell membrane.
The DPF motifs in Dab2 can directly interact with the a-adaptin subunit of AP-2 44 and contribute
to the assembly of the clathrin-coated pits. The DPF motifs also interact with the F-BAR FCH
domain only-2 (FCHO2), a protein that regulates the number and size of clathrin structures. Like
Dab2 binding to AP-2

46

, one DPF motif is considered sufficient to recognize FCHO2

47

. It is

worth noting that AP-2 can compensate for the loss of the binding of Dab2 to FCHO2, whereas
Dab2-FCHO2 interaction is indispensable for endocytosis of Dab2-targeted cargo in the case of
AP-2 absence 47. It has been proposed that competition likely exists between FCHO2 and AP-2 for
Dab2 DPF motif binding to regulate molecule organization of a clathrin-coated pit. Also, the
sequential association of FCHO2 and AP-2 to the Dab2 DPF motif is suggested to make a
contribution to the development of a clathrin-coated pit 47.
The middle and C-terminal region of both p96 and p67 contain four additional NPF motifs. A total
of five NPF motifs regulate the recognition of Dab2 to Eps15 homology (EH) domain proteins,
Eps15 and intersectin, thus, driving integrin β1 (the Dab2 cargo) internalization and facilitating
clathrin assembly 48. Although all five NPF motifs in p96 show binding to Eps15 and intersectin,
the three located at the C-terminal show much stronger interaction than the two in the central
region 48. The C-terminal of the protein also contains another AP-2-binding sequence, FLDLF 45,
a binding site for myosin VI

49

, and sites for SH3-domain proteins 50. Myosin is also known to

interact with PtdIns(4,5)P2 with a high affinity (KD=0.3 µM) and in a calcium-dependent manner.
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Therefore, Dab2 and PtdIns(4,5)P2 binding coordinately mediate the myosin VI recruitment to
clathrin-coated structure at the plasma membrane 51. By binding to myosin VI, Dab2 mediates the
simultaneous attachment of transmembrane cargo proteins containing NPXY motif to the myosin
VI, engaging endocytosis and unidirectional trafficking.
2.4 Dab2 is a two-face regulator in tumorigenesis and metastasis
Over the past two decades, the studies on the role of Dab2 in tumorigenesis and development have
attracted increasing attention. The experiments leading to the discovery of Dab2 (DOC-2) were
based on its consistent absence in multiple human ovarian cancer cell lines 29. A few years after,
it was reported that the Dab2 expression could be observed in ovarian and breast epithelial cells
with normal biological immortality, but not in 90% of tumor cell lines derived from breast and
ovarian epithelial tumors 52. Indeed, Dab2 downregulation was also detected in 80% of mammary
53

tumors in mouse mammary carcinogenesis model

. To date, accumulated evidence has

demonstrated that Dab2 is decreased or lost in a wide variety of cancers other than ovarian and
breast cancer, including lung cancer 54, colorectal cancers 55, nasopharyngeal cancers 56, pancreatic
carcinomas 57, bladder carcinomas 34, gastric cancers, meningiomas 58 and esophageal squamous
tumors

59

. Consequently, these findings indicate the role of Dab2 as a tumor suppressor.

Furthermore, lost Dab2 expression is found strongly correlated to the transition of ovarian surface
epithelial cells to pre-malignant phenotypes 59,60. Likewise, loss of Dab2 expression is observed in
the early pre-neoplastic stages of esophageal squamous tumorigenesis

59

. Nevertheless, the

underlying mechanism of how Dab2 executes these effects is not fully understood.
The epithelial-mesenchymal transitions (EMT) is a highly dynamic process by which epithelial
cells loose cellular polarity and cell-cell adhesion, obtain improvements in migratory and invasive
characteristics and convert into mesenchymal phenotype 61. EMT is becoming a potential target
for cancer therapy due to its contribution to the tumor progression with metastatic expansion and
the generation of tumor cells bearing stem cell characteristics, which play a significant role in
cancer treatment resistance. Many studies suggest that altered Dab2 levels directly or indirectly
lead to EMT. Dab2 negatively regulates EMT through different signaling pathways, including
TGFb (transforming growth factor beta) and Wnt signaling pathways, which are associated with
EMT and the development of many tumor types

62–65

. Reduced expression of Dab2 induces the

activation of the Ras/MAPK signaling cascade, causing an increased TGFb and a stable EMT in
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breast tumor cells 66. Similarly, the downregulation of Dab2 was found to stimulate the induction
of EMT in pancreatic cancer cells through activation of TGFb and MAPK signaling pathways 57.
In addition, decreased expression of Dab2 in lung cancer causes the aberrant activation of the Wnt
pathway and promotes the proliferation and invasiveness of tumor cells

67

. Collectively, these

findings indicate that Dab2 acts as a negative regulator of tumor cell growth and proliferation.
However, accumulated evidences show that Dab2 is also required to promote cell development
phenotype in normal and pathological cells. In normal murine mammary gland cells, Dab2 is upregulated and accumulated on the membrane by binding to b1 integrin during TGFb-induced EMT,
while downregulated Dab2 inhibits TGFb-mediated EMT and trigger apoptosis 68. EMT occurs in
both physiological and pathological cellular states. It is well established that signaling pathways
modulating EMT share commonalities for early embryonic development and tumor progression 68.
The pro-apoptotic function of Dab2 in normal cells suggests a similar molecular mechanism
occurring in tumor cells. In 2015, studies in human prostate cancer cells showed that Dab2
knockdown inhibits the migratory, invasive abilities and tumorigenicity, whereas Dab2
overexpression promotes the cell migration and invasion in PC3 cell lines

66

. More recently,

increased expression of Dab2 was found in human urothelial carcinoma of the bladder (UCB),
which correlated with the enhancement of EMT, tumor proliferation, migration as well as invasion.
In contrast, the inhibition of Dab2 is able to result in tumor shrinkage and invasion suppression,
which is suggested as a potential therapy to improve the prognosis of human UCB 69.
Several variables could be argued for the paradox among the above studies. First, the tissue- and
region-specific differential expression pattern of Dab2 may readily explain the dual role of Dab2
in tumor progression. At the protein level, Dab2 is found expressed in many mouse tissues,
including brain, heart, skeletal muscle, liver, lung, and highly abundant in brain 70, and kidney 52.
While in human tissues, Dab2 is also widely expressed, including brain 70, prostate, spleen, small
intestine, testis, thymus, and particularly high in ovary

52

and breast tissues 27. Despite some

contradictory results, it is commonly accepted that the expression of Dab2 is frequently observed
in ovary and breast cancers. Multiple evidences are obtained from studies using either various
human cell lines in vitro or mouse models and patients’ ovarian cancer specimens. The primary
debate on whether Dab2 is a tumor suppressor or a tumor promoter lies in the studies in other
cancer types, such as prostate and bladder cancers.

9

Second, Dab2 has two major spliced isoforms in human, p96 and p67. The Dab2 expression has
been shown predominantly by immunohistochemistry staining and western blot, while not all
reports in the field clearly stated which Dab2 isoform was targeted. The alternative splicing of
Dab2 happens in a tissue-specific manner with a high expression of p67 in kidney and p96 in brain
70

. Even within the same tissue, p96 and p67 display a distinct distribution. For example, intestine

studies revealed that p67 is specifically found in the apical membrane of the suckling ileum,
whereas p96 is found in ileum, jejunum, enterocytes, and crypts with varying expression levels 72.
Additionally, studies on lung cancer 67 and breast cancer 71 both suggest that p96 and p67 exhibit
different functions in the process of oncogenesis.
Lastly, the progression of the cancer stages may affect the evaluation of Dab2 levels. Indeed, the
levels of Dab2 show distinct patterns in the development of different tissues. For example, Dab2
at both mRNA and protein levels increase with kidney development, whereas they decrease along
with intestine maturation 72. It is reasonable to speculate that Dab2 expression level may present a
similar pattern in the development of cancer cells. Evidenced results from Itami et al. reveal that
Dab2 expression increased dramatically along with UCB progression 69. Although Dab2 is usually
lost in meningioma cell lines, its variable expression level also depends on the grade of malignancy
58

. In addition, Dab2 exerts dual roles in ovarian cancer proliferation and progression regulated by

miRNAs. In the initial stages of tumorigenesis, the tumor cell migration and proliferation is
promoted due to a reduced expression of Dab2 mediated by microRNA (miRNA)-187. In contrast,
in the later phases of tumor development, continued Dab2 inhibition also inhibits Dab2-dependent
EMT

73

. Dab2 may be a putative tumor suppressor, but it also modulates the tumorigenesis by

promoting EMT-mediated metastasis in late stages of cancer progression

68,74

. It must be noted

that Dab2 is necessary but not sufficient for inducing EMT as upregulation of Dab2 alone does not
cause any morphological changes related to EMT 74, indicating the presence and significance of
crosstalk between Dab2 and other signaling molecules involved in the EMT process. In the
transition into mesenchymal cells, epithelial cells apparently gain abilities to be resistant to
apoptosis. In order to protect cells from apoptosis, Dab2 would promote invasiveness and tumor
development. Epithelial cells originally benefit from the absence of Dab2 and gain genetic
alterations, which enables the resistance to apoptosis. Alternatively, these benefited epithelial cells
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may become less adhesive and more invasive, facilitating the metastasis formation during the late
phase of tumorigenesis 68. Over the decades, there are accumulated reports about the altered Dab2
expression in different solid tumors; the role of Dab2 in CTCs are barely reported. The major
limitation may lie in the poor isolation of CTCs due to their availability in limited numbers, which
takes endeavor to develop techniques with the high efficacy of CTCs isolation and enumeration 61.
2.5 Dab2 is a negative regulator of platelet activation and aggregation
2.5.1 Expression of Dab2 in megakaryocytes and platelets
Dab2 is first expressed during megakaryocytic differentiation, concomitantly with the integrin b3
subunit expression 75. In platelets, Dab2 is highly expressed with a predominant distribution in the
a-granules and the cytosol but it can also be found in early endosomes. The a-granules are
enigmatic because they have both proteins derived from the megakaryocyte and proteins taken up
by endocytosis

76

. However, the trafficking pathway of platelet a-granules is still unclear. The

biogenesis of α-granules starts in megakaryocytes but continues in platelets 7. The a-granules are
suggested to generate from multivesicular bodies (MVB) and late endosomes in megakaryocytes
76

. Similarly, the dense granules are also produced from MVB/late endosome

77

. Recently,

recycling endosomes are unveiled to be a key intermediate compartment between type I MVB and
type II MVB. It is also known that soluble proteins have to be incorporated in vesicles generated
from the trans-Golgi network to become cargo of mature a-granules

7

. Therefore, in

megakaryocytes, the cytosolic Dab2 obtained from the endocytosis may be transported into early
endosome or recycling endosomes, from where Dab2 moves towards type II MVB that matures to
a-granules.
Dab2 is differentially expressed in platelets among different organisms. Murine platelets contain
less amount of Dab2 compared with rats and human platelets. However, the expressions of Dab2
are all up-regulated during the differentiation of human leukemic K562 cells 35, human CD34+
hematopoietic pluripotent stem cells and murine embryonic stem cells 75. The two splices isoforms,
p96 and p67, also show different expression patterns in human, rat and murine platelets. Human
and murine platelets only express p96 and p67, respectively, while both p96 and p67 can be
detected in rat platelets 78.
2.5.2 Dab2 mediates platelet inside-out and outside-in signaling through integrin binding
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The integrin αIIbβ3 is the most abundant integrin in platelets, playing critical roles in many aspects
of platelet functions. It is also known as the glycoprotein GPIIb/IIIa (CD41/CD61) complex.
Quantitative studies found that 50,000–100,000 copies of αIIbβ3 are present at the surface of
resting platelets 79, and more αIIbβ3 molecules from the α-granule surfaces are fused to the plasma
membrane after platelet activation, especially stimulated by soluble agonists, such as thrombin and
ADP 80. The integrin αIIbβ3 is typically in a close state with a low-affinity in circulating platelets,
but switches to an activated state with high affinity for the ligands state on platelet activation. This
process is known as inside-out signaling. Activated αIIbβ3 integrin binds to multiple Arg-Gly-Asp
(RGD) motif-containing adhesive proteins, including vWF, fibrinogen, fibrin, fibronectin, and
thus mediates platelet adhesion, platelet aggregation, and thrombus formation. Of these ligands,
fibrinogen is the major ligand, which, together with vWF, mediates platelet aggregation in soluble
form and adhesive spreading in solid phase 81. Binding of fibrinogen to activated αIIbβ3 integrin
also triggers the outside-in signaling of αIIbβ3. This signaling induces a intracellular signaling
cascade, which mediates irrevocable platelet adhesion, spreading, and clot retraction as well as
irrevocable platelet aggregation and shape change, and thus subsequent thrombus growth 41.
Dab2 exerts its dual role in fibrinogen-integrin binding by functioning in both the inside-out and
outside-in integrin signaling pathways (Figure 2), which can be reflected by its subcellular
distribution. The cytosolic Dab2 is thought as a negative regulator of the inside-out signaling,
where cytosolic Dab2 is phosphorylated by protein kinase C (PKC) at Ser24. This phosphorylation
promotes Dab2 membrane translocation

75

, leading to Dab2 binding to the cytoplasmic tail of

integrin b3 subunit and subsequent inhibition of integrin activity. By doing so, Dab2 blocks the
inside-out integrin signaling and the following fibrinogen-mediated platelet adhesion. However,
the fate of phosphorylated Dab2 after membrane recruitment is not clear. It is important to notice
that Dab2, in the absence of Ser24 phosphorylation, is required in integrin-mediated cellular uptake
of fibrinogen

82

. Dab2 may mediate fibrinogen internalization through its PTB domain as PTB

binds to the NPXY motif in the integrin b3 subunit

83

. Interestingly, Ser723 phosphorylation in

Dab2 is found in thrombin-mediated inside-out signaling and platelet activation

84

, while it is

unknown whether Ser723 phosphorylation coincides with Ser24 phosphorylation and whether
Ser723 phosphorylation also plays a role in membrane translocation of Dab2. On the cell
membrane, the integrin-bound Dab2 also interacts with PtdIns(4,5)P2 (Figure 2), which is proposed
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to facilitate the recruitment of cytosolic Dab2 to the platelet membrane. Supportive observations
indicate that PtdIns(4,5)P2 binding facilitates Dab2 membrane recruitment 41. Also, PtdIns(4,5)P2
is required for Ca2+-induced secretion of Dab2-containing α-granules
increased in the intracellular membrane of activated platelets

86

85

, and its expression is

. Likewise, Dab1, the other

mammalian homolog of Dab2 protein, has also been suggested as a negative regulator of platelet
activation and adhesion 41.
Dab2 can also be found at the a-granules of human megakaryocyte and platelets under resting
conditions. After platelet is stimulated by soluble agonists, such as collagen, thrombin, ADP, and
12-O-tetradecanoylphorbol-13-acetate (TPA), a-granules secrete Dab2 in a PKC-dependent
manner

14

. Dab2 is exposed at the platelet surface following fusion of the a-granules with the

extracellular membrane, where Dab2 plays a role in the integrin outside-in signaling and inhibits
platelet aggregation. To do so, Dab2 interacts with both αIIbβ3 integrin and sulfatides. The balance
between these two interactions is believed to be necessary to regulate the platelet aggregation,
clotting retraction, and the interactions of platelets with fibrinogen upon stimulation by soluble
agonists

25,87

. Dab2 associates with the external region of the integrin aIIb subunit via the RGD

motif (residues 64-66 in hDab2) within its PTB domain. A mutation in the Dab2 RGD motif
abolishes the integrin binding as observed from fibrinogen binding assay and flow cytometry 75.
Although αIIbβ3 integrin interacts with both the RGD and AGD (Ala-Gly-Asp) motifs in
fibrinogen 88, the Dab2 RGD motif is thought as competent to occupy the RGD binding region
within αIIbβ3 integrin, thus preventing fibrinogen binding to integrin, which builds the basis of
platelet aggregation inhibition by Dab2. In fact, Dab2 binding to integrin has been suggested as
required and sufficient to prevent platelet adhesion and aggregation through sequestering
fibrinogen interaction with aIIbb3 integrin 87. Further molecular analysis on the binding affinity
of integrin αIIbβ3 to Dab2 and fibrinogen should help understand the Dab2 functions in inhibiting
fibrinogen-integrin mediated platelet aggregation.
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Figure 2. The model of Dab2 and sulfatide-mediated modulation of platelet homotypic and
heterotypic interactions. In resting platelets, Dab2 is present in both a-granules and cytosol. Following
activation, cytosolic Dab2 is phosphorylated by PKC and translocated to the inner leaflet of the plasma
membrane, where it binds to the cytosolic tail of integrin b3 subunit, inhibiting the integrin receptor. Dab2
stored in the a-granules is secreted and released to the extracellular membrane of platelets, where it is
distributed into two distinct pools. One pool of Dab2 binds to integrin aIIb subunit, blocking fibrinogen
binding to the integrin, thus prevents clot formation by modulating platelet aggregation. The other pool of
Dab2 binds to cell surface sulfatides. Extracellular Dab2 is a substrate of thrombin, while sulfatide
association can protect Dab2 from thrombin cleavage. Dab2 is transiently present on the cell surface and
can be internalized back to a-granules. Platelet surface sulfatides bind to both P-selectin and L-selectin,
mediating platelet-platelet and platelet-leukocyte interactions, respectively. Platelet-leukocyte interactions
can also occur through the association of P-selectin with PSGL-1. Dab2 negatively modules platelet
homotypic interaction and heterotypic interaction. Certain tumor cells also express sulfatide and P-selectin
on the cell surface, thus can interact with platelets through sulfatide-P-selectin binding, while it is unknown
whether the association of sulfatide with P-selectin also occurs between two tumor cells.

14

2.5.3 Dab2 mediates outside-in signaling through sulfatide binding
Sulfatides (SM4, 3-O-sulfogalactosylceramide, or sulfated galactocerebroside) are sulfated
glycosphingolipids localized mainly in the plasma membrane and membranes of the Golgi
apparatus 89 and lysosomes 90. At the plasma membrane, sulfatide is enriched at the outer leaflet
and be part of lipid rafts 91. It is well established that sulfatide exerts many critical biological
functions, such as signal transduction, protein trafficking, cell adhesion, and aggregation

92

. In

blood circulation, sulfatide can be found at the surface of erythrocytes, platelets 93, leukocytes, and
neutrophils 94. In platelets, the expression of sulfatide is increased upon activation 95. In addition
to Dab2, sulfatide binds to adhesion proteins, including vWF, laminin 96, thrombospondin 97, Lselectin

98

, β2-glycoprotein I

99

, and P-selectin

100

indicating a critical role of sulfatide in

hemostasis. P-selectin expressed on the platelet surface determines the stability and size of the
platelet aggregates

95

. Moreover, sulfatide interaction with P-selectin further promotes platelet

activation and stabilizes platelet aggregates and platelet-leukocyte aggregates

101

, triggering a

positive feedback loop that enhances the platelet activation and stable platelet and plateletleukocyte aggregations.
Extracellular Dab2 also binds sulfatides at the cell surface after platelet activation (Figure 2). Dab2
association with sulfatide involves residues Lys25, Lys49, Lys51, and Lys53 within the two
conserved polybasic sulfatide-binding motifs (residues 24-29 and 49-54, respectively). These two
motifs are characterized as XBBXBX (B, basic residue; X, any residue) and BXBXBX motifs, and
they are reported to mediate sulfatide association with other adhesive proteins, such as laminins,
thrombospondins, and selectins

102

. The first polybasic motif is found to be capable of inducing

enlarged Dab2-clathrin assemblies and facilitating integrin-mediated cell spreading

103

. Lys53,

located at the end of the second putative sulfatide binding motif, is one of the two residues
responsible for recognizing PtdIns(4,5)P2, while the other is Lys90. Therefore, the binding sites of
Dab2 to sulfatides partially overlap with those involved in PtdIns(4,5)P2 binding. However,
competition binding is unlikely to occur between these two lipids as sulfatide and PtdIns(4,5)P2
are predominately located at the outer 104 and inner leaflet 105 of the platelet membrane, respectively.
Remarkably, both lipids play a role in enhancing protein stability against temperature-induced
unfolding

106

. However, solution NMR spectroscopy studies revealed that the two lipids binding

takes place through distinct binding mechanisms. Specifically, sulfatides association induces
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conformational changes of Dab2 and facilitates Dab2 membrane penetration, whereas only minor
local structural changes of Dab2 is detected upon PtdIns(4,5)P2 binding, which primarily occurs
through electrostatic interactions 106.
The PTB domain of Dab2 is a substrate of thrombin 41. A putative thrombin cleavage site (Lys30-Gly31) is found between the two polybasic motifs (residues 44-45 in hDab2) and confirmed by
thrombin-limited proteolysis assay

87

. Unlike integrin-bound Dab2, which is susceptible to

thrombin cleavage 14, sulfatide-bound Dab2 at the platelet surface protects Dab2 from thrombin
proteolysis 87. Therefore, one pool of Dab2 can be unimpaired at the platelet surface, facilitate its
role in mediating platelet aggregation. On the other hand, PtdIns(4,5)P2 binding cannot protect the
PTB domain from thrombin cleavage

87

, highlighting the role of sulfatide in Dab2 stabilization

during thrombin-mediated activation. In addition, sulfatide binding also modulates the
redistribution of Dab2 on the cell membrane as a mutant with mutations in the two sulfatide
binding motifs exhibited a decreased presence at the plasma membrane of activated platelets 87.
However, the presence of Dab2 at the platelet surface is transient due to a rapid protein
internalization back to a-granules in an actin-dependent, but clathrin-independent, manner 87.
Furthermore, sulfatide binding by Dab2 also competes with sulfatide interactions with lectins,
specifically P-selectin and L-selectin

107

. Both P-selectin and L-selectin recognize platelet

sulfatide, modulating platelet-platelet and platelet-leukocyte interactions, respectively. Also, Pselectin at the platelet surface associates with its putative ligand, P-selectin glycoprotein ligand-1
(PSGL-1), found on leukocyte (Figure 2), promoting platelet-leukocyte interactions. Thus, Dab2
exerts its inhibitory functions in both platelet homotypic and heterotypic interactions via sulfatide
binding.
2.5.4 Dab2 SBM is the minimal sulfatide-binding unit of Dab2
A Dab2-derived peptide containing two sulfatide-binding motifs (SBMs, Figure 3A) has been
designed and isolated by our group 108. Structurally, a peptide representing the residues 24-58 of
hDab2 SBM, shows a helical structure (Figure 3B) when embedded in dodecylphosphocholine
(DPC) micelles 109, a membrane mimetic used to characterize membrane proteins by solution NMR
spectroscopy. Dab2 SBM presents a disordered N-terminal region with two helices located at its
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C-terminus. The membrane binding may induce a structural change of Dab2 SBM as its second
helix maps to the longest b-strand of the natively folded PTB domain in a lipid-free form 41 (Figure
4). Paramagnetic NMR studies indicate that Dab2 SBM lies parallelly under the surface of
sulfatide-loaded DPC micelles without crossing the hydrophobic core of the micelle. The helical
region is believed to drive the peptide insertion into DPC micelles 109. The major residues involved
in sulfatide binding maps to the lysine residues (Lys49, Lys51, and Lys53) from the second
sulfatide binding motif and three nonpolar residues (Ala52, Leu54, and Ile55). As expected, Dab2
SBM exhibits inhibitory platelet aggregation activity, similar to that determined for the RGDS
(Arg-Gly-Asp-Ser) peptide derived from fibrinogen 109. Consequently, Dab2 SBM is proposed as
the minimal sulfatide-binding unit of Dab2 to function as an anti-aggregatory mediator of platelets
109

.

Figure 3. Schematic representation of conserved Dab2 SBM sequence and structure. (A) Sequence
alignment of Dab2 SBM with secondary structure indicated on the top. Red residues are the two polybasic
motifs. Consensus sulfatide-binding motifs are indicated at the bottom. X, any; B, basic. hDab2, H. sapiens
Dab2; mDab2, M. musculus Dab2; rDab2, R. norvegicus Dab2; hDab1, H. sapiens Dab1. (B) The threedimensional structure of hDab2 SBM (PDB 2LSW).
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Figure 4. Superimposition of human Dab2 SBM and mouse Dab2 SBM region from the structure of
the PTB domain. Human Dab2 SBM (24-58), PDB 2LSW. Mouse Dab2 PTB domain (PDB 1M7E) only
shows residues 33-58, equivalent to human Dab2 SBM.

3. Application and research goals
Activated platelets express adhesion molecules and release numerous factors that enhance tumorsupportive microenvironment in circulation. P-selectin is a vital adhesion protein, present
predominantly in platelets and endothelial cells. In platelets, P-selectin is present in α-granules
under resting conditions. Within minutes after activation, P-selectin is exposed at the platelet
surface resulting from a-granules fusing with the extracellular membrane. Hence, P-selectin is
regarded as an established marker for platelet activation 110 and it is often increased in cancer cells
111

. On the platelet plasma membrane, P-selectin mediates tumor cells growth and metastasis by

the rolling and tethering of CTCs to the blood vessel wall and the contribution to platelet-tumor
cells aggregation which promote tumor cells adhesion to the endothelium.
The best-characterized ligands for P-selectin are PSGL-1 and the platelet glycoprotein GPIb in the
GPI-IX-V complex. Both the ligands have abundant post-translational modifications required for
receptor association and signal transmission, where sulfate regions consistently exists

112,113

.

Consequently, sulfatide, a glycosphingolipid located at the surface of hemopoietic cells and certain
tumor cells, is also found to bind to P-selectin. The discovery of this interaction can date back to
1991 when Aruffo et al. reported that sulfatide on the plasma membrane of granulates acted as a
primary ligand of P-selectin on the tumor cells

114

. Since then, accumulative evidence have

validated that sulfatides on the tumor cells are functional ligands of P-selectin in platelets, and
such interaction facilitates the tumor cell metastatic progression 115–118. Regardless of the current
controversies regarding the expression level of sulfatides in different tumor types and cancer cell
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lines, the elevation of sulfatides on the tumor cells is well supported by several lines of studies
29,92,119

. Given the presence of sulfatide and P-selectin on the tumor cell, it is likely that P-selectin-

sulfatide interaction also assists in tumor cell interactions. However, there is no report targeting
this aspect yet.
Also, sulfatide and P-selectin are both increasingly expressed and present on the plasma membrane
of activated platelets. It has been observed that sulfatide recognition of P-selectin can further
promote platelet activation and induce increased stability of platelet homogenous and
heterogeneous aggregates, thereby triggering a positive feedback mechanism that potentiates the
aggregates 120. Given the role of platelet activation in cancer cell metastasis (discussed earlier), it
is likely that sulfatide-P-selectin interaction between adjacent platelets can indirectly aid the tumor
cell survival and growth by resulting in enhanced platelet activation. Taken together, P-selectin
association with sulfatide occurs either between adjacent platelets or between platelets and tumor
cells, both of which may directly or indirectly assist in tumor cell survival and growth. Therefore,
the disruption of sulfatide binding to P-selectin provides a potential target to reduce the plateletmediated cancer cell metastasis.
Dab2, an anticoagulant protein, is released from a-granules and mobilized to the extracellular
membrane upon platelet activation. Of note, Dab2 can tightly control sulfatide-P-selectin
interaction, which leads to a reduced P-selectin expression on activated platelets and inhibits the
sulfatide-induced platelet aggregates when tested in microfluidic devices that mimic the shear
stress levels of vein microcirculation

109

. Accordingly, a Dab2-derived peptide, Dab2 SBM, can

reversibly bind to sulfatide with moderate affinity and reduce the number and size of sulfatideinduced platelet aggregates

109

. Therefore, Dab2 SBM-sulfatide interaction may impair the

formation of platelet-tumor cells complex in several ways: (1) Dab2 SBM acts as a competitor of
P-selectin for sulfatide binding, thus attenuating the platelet activation and aggregation, as well as
the platelet adhesion to CTCs through P-selectin-sulfatide association. (2) The reduced platelet
aggregates weaken platelets coating around CTCs, making CTCs exposed to the shear stress and
the immune surveillance in circulation. (3) The reduced platelets activation results in decreased Pselectin expression, which may inhibit P-selectin mediated tumor growth 121. Due to the transient
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presence of Dab2 at the platelet surface, we proposed that Dab2 might be used at the site of solid
tumors to inhibit the adhesion between platelets and CTCs without severely excessive bleeding.
Nevertheless, it is worthy of attention that Dab2 N-PTB (N terminal PTB domain) and Dab2 SBM
exhibit different sulfatide binding affinity, with the former having a KD at 0.6 µM and the latter
~50 µM. However, from a therapy perceptive, a Dab2 SBM-derived peptide (~4 kDa) bears many
advantages over a protein drug derived from Dab2 N-PTB (~26 kDa). The manufacture and
production of a therapeutic protein (MW >5 kDa) is a highly complicated process. A typical
protein drug may require over 5,000 essential production procedures, which is ~10 folds greater
than the production process of a small-molecule drug (MW <500 Da)

122

. Also, small-molecule

drugs can readily enter inside cells and reach intracellular targets, and they have been successfully
used to treat cancer patients by inhibiting oncoproteins

123

. On the other hand, the use of small-

molecule drugs is limited by their size, which renders them unable to target and block the large
surface area involved in protein-protein interactions. Meanwhile, a single mutation at the target
site can cause drug deactivation, and a rapid development of cell resistance 124. Peptide (500-5,000
Da) drugs combine the advantages of biological protein drugs and chemical small-molecule drugs.
They can target large interface surfaces as specific as protein drugs and be able to cross the cell
membrane and reach interior proteins as effectively as small-molecule drugs.
Therefore, this work aims to focus on characterizing the roles of residues within Dab2 SBM in
sulfatides association from both structural and functional views. A residue screening will be
applied by molecular docking studies, in which a model of Dab2 SBM binding to sulfatide will be
proposed, and thus critical residues involved can be identified. Mutants with corresponding
mutations will be constructed and their sulfatide binding capability will further be evaluated by
multiple biophysical methods. Additionally, flow cytometry will be applied to determine the
effects of each mutation on platelet activation in comparison with wild-type Dab2 SBM.
The resulting findings will help achieve a comprehensive understanding of Dab2 in its distinct
roles in physiology and therapeutic potentials in pathophysiological processes. In the long run, we
aim to develop a human-engineered Dab2 SBM-derived peptide with altered sulfatide-binding
features, such as enhanced sulfatide binding affinity or selectivity. The development of such
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engineered peptide could provide a potential new avenue of cancer therapy by mediating platelet
activation, thereby alleviating platelet-mediated tumor metastasis.
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Abstract
Disabled-2 (Dab2) is an adaptor protein that regulates the extent of platelet aggregation by two
mechanisms. In the first mechanism, Dab2 intracellularly downregulates the integrin aIIbb3
receptor, converting it to a low affinity state for adhesion and aggregation processes. In the second
mechanism, Dab2 is released extracellularly and interacts with the pro-aggregatory mediators, the
integrin aIIbb3 receptor and sulfatides, blocking their association to fibrinogen and P-selectin,
respectively. Our previous research indicated that a 35-amino acid region within Dab2, which we
refer to as the sulfatide-binding peptide (SBP), contains two potential sulfatide-binding motifs
represented by two consecutive polybasic regions. Using molecular docking, nuclear magnetic
resonance, lipid-binding assays, and surface plasmon resonance, this work identifies the critical
Dab2 residues within SBP that are responsible for sulfatide binding. Molecular docking suggested
that a hydrophilic region, primarily mediated by R42, is responsible for interaction with the
sulfatide headgroup, whereas the C-terminal polybasic region contributes to interactions with acyl
chains. Furthermore, we demonstrated that, in Dab2 SBP, R42 significantly contributes to the
inhibition of platelet P-selectin surface expression. The Dab2 SBP residues that interact with
sulfatides resemble those described for sphingolipid-binding in other proteins, suggesting that
sulfatide-binding proteins share common binding mechanisms.

Keywords: Disabled-2; sulfatide; liposome; platelets; molecular docking; surface plasmon
resonance; integrin receptor.
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Introduction
The adaptor protein Disabled-2 (Dab2) is a multimodular signaling molecule involved in various
cellular functions including protein trafficking, cell growth and differentiation, cell adhesion, and
modulation of platelet aggregation 1. Two Dab orthologs, Dab1 and Dab2, are present in mammals.
Dab1 is predominantly expressed in the brain 2, whereas Dab2 is ubiquitously expressed in
different tissues

3,4

. Dab2 expression levels have been reported to exhibit a significant effect on

cancer initiation and progression. Indeed, Dab2 expression is lost in breast, ovarian, prostate 5,
bladder 6, and colorectal cancer cells 7, suggesting that Dab2 can act as a tumor suppressor 8. Two
alternative spliced forms of Dab2 are expressed in humans, p96 and p67, with the latter lacking a
central exon 3. Dab2 contains a phosphotyrosine-binding (PTB) domain located at the N-terminus,
clathrin-binding sites, NPF and DPF motifs, and a proline-rich SH3 domain located at the Cterminus, indicating that Dab2 primarily functions as an adaptor protein.

Recently, Dab2 was characterized as a negative regulator of platelet aggregation by modulating
both pro-aggregatory inside-out and outside-in signaling pathways 1. Modulation of inside-out
signaling by Dab2 is mediated by its cytosolic S24-phosphorylated form, which recognizes the b3
subunit of aIIbb3 integrin, downregulating fibrinogen-mediated adhesion 9. In outside-in signaling,
ligand-receptor complexes on activated platelets promote platelet spreading, granule secretion,
stabilization of the adhesion and aggregation of platelets, and clot retraction

10

. Some of the

components of the intracellular granules are required to limit the extent of platelet activation,
adhesion, and aggregation. Platelet function must be tightly modulated, as uncontrolled platelet
activation can trigger unwanted clinical complications such as thrombocytopenia and thrombosis
11

. Dab2 is released from a-granules and relocates to the platelet surface where it modulates

outside-in signaling

12

. To do this, Dab2 presents two extracellular targets. At the extracellular

membrane of platelet, Dab2 associates with the aIIb subunit of integrin via its RGD motif,
preventing integrin-fibrinogen interactions. Dab2 also binds to sulfatides 13, a class of negatively
charged sphingolipids found on most eukaryotic cell surfaces 14. Interestingly, cleavage of Dab2
by the platelet agonist thrombin may be prevented when Dab2 is associated with the sphingolipid
13

. Binding of Dab2 to sulfatides limits P-selectin association to sulfatides 15, which is required to

prolong platelet aggregation 16.
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Initial studies reported that Dab2 binds sulfatides at its N-terminus including the PTB domain (NPTB; residues 1-241 in hDab2)

13

. Combined mutations in residues K25, K49, K51, and K53

markedly reduce sulfatide binding and platelet aggregation. Further studies showed that an ahelical-rich region of 35 amino acids within the Dab2 N-PTB, which was predicted to contain two
potential sulfatide-binding motifs (referred to as the sulfatide-binding peptide, SBP), mimic the
inhibitory platelet-platelet interaction effects of Dab2 N-PTB

17

. In this report, by using a

combination of structural, molecular docking, and functional approaches, we refined the mode by
which SBP, the minimal sulfatide-binding unit derived from Dab2, associates with sulfatides.
Molecular docking showed that the Dab2 SBP residues around a-helix 1 are required for
interactions with the sulfatide head group, whereas helix 2 mediates sulfatide acyl chain
interactions. Furthermore, we predict that R42, located in the first a-helix of Dab2 SBP, forms
hydrogen bonds with the OS atoms of the sulfate group in the sulfatide. We demonstrate that both
the charge and stereochemistry of R42 is critical for Dab2 SBP’s sulfatide recognition and
inhibition of platelet P-selectin surface expression. Results from this report provide details of how
Dab2 interacts with sulfatides, which can be used for the design of a Dab2-derived peptide that
can block sulfatide interactions, and, consequently, prevent undesired platelet aggregation events.

Results
Refining the sulfatide-binding site in Dab2 SBP
Previous NMR studies showed that the last 20 residues of Dab2 SBP, with a C-terminal polybasic
region 49-KYKAKL-54 (Fig. 1a), plays a major role in sulfatide interactions

17

. Molecular

docking was performed to refine potential residue interactions between a single sulfatide molecule
and the model of the DPC-bound structural conformation of Dab2 SBP (PDB ID: 2LSW)
containing vector residues (19-GPLGS-23), which were added to the N-terminus to match the
experimental peptide used in this work. After energy minimization, the structure of Dab2 SBP was
validated and showed favorable energetics and side chain positioning using Ramachandran plots,
ProSA and QMEAN analyses (Supplementary Fig. S1). All nine docking poses hit a similar Dab2
SBP scaffold and indicated that the P32 (backbone), K30 (backbone), and R42 residues form
hydrogen bonds with the OS atoms of the sulfate group in the sulfatide, whereas the acyl chains
faced the a-helix 2 of the peptide (Fig. 1b-c). Specifically, the side chain of R42 interacted with
the sulfatide head group forming hydrogen bonds and electrostatic interactions that were
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approximately 3Å apart (Fig. 1c). Both E33 and Y38 interacted with the galactose moiety (Fig. 1c).
The conserved 49-KYKAKL-54 region in Dab2 SBP (Fig. 1a) was initially suggested to provide
an electrostatic environment to attract and accommodate the negatively charged sulfatide in its
Dab2 SBP binding pocket 17. However, molecular docking results showed a strong R42 interaction
with the sulfate head group, which led to consistent positioning of the sulfatide acyl tails towards
a-helix 2. Initial docking results and fingerprinting showed that the CH2 moieties of the K49 and
K51 residues interacted with the acyl tails. As K49 and K51 are critical for sulfatide binding 13,
the docking results suggest that the four CH2 moieties in K49 and K51 contribute to a hydrophobic

Figure 1. Sulfatide docking onto Dab2 SBP. (a) Sequences of the closest homologues of Dab2 proteins
corresponding to the SBP region. hDab2, Homo sapiens Dab2; gDab2, Gorilla gorilla Dab2; mDab2,
Mandrillus leucopheous Dab2; cDab2, Canis lupus familiaris Dab2; rDab2, Rattus norvegicus Dab2;
mmDab2, Mus musculus Dab2; xDab2, Xenopus laevis Dab2. Residues implicated in sulfatide binding, as
determined from this work, are boxed. (b) Overlaid poses of sulfatide docked to Dab2 SBP. Dab2 SBP is
rendered as a cartoon and is colored tan with the N-terminus colored blue and the C-terminus colored red.
R42 is shown as a stick that is colored gray and by atom type. The nine poses produced by AutoDock Vina
are shown as a gray surface and by atom type. The side chain of R42 is a blue colored stick. Sulfatides
(cyan) are shown as sticks and colored by element. (c) Key sulfatide-binding residues of Dab2. Dab2 SBP
is rendered as a cartoon colored a transparent gray with the N- and C-terminus shown as blue and red
spheres, respectively. Key residues are shown as blue sticks and labelled. (d) Surface representation of
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sulfatide-bound Dab2 SBP showing the hydrophobic (green), positively charged (blue), and negatively
charged (red) surface regions. The sulfatide backbone is represented as a stick colored with carbon as cyan,
sulfate as yellow, and oxygen as red. Surface potential was calculated using Schrodinger Maestro.

pocket (Fig. 1d) in a-helix 2 of Dab2 SBP and aid in accommodating acyl tails, leading to more
energetically favorable positioning of the sulfate head group towards R42 (Supplementary Table
S1). Hydrophobic interactions in a-helix 2 were also provided by the Dab2 SBP residues Y50,
L54, and I55 (Fig. 1c and Supplementary Table S1). Altogether, molecular docking data indicate
that a-helix 1 of Dab2 SBP is involved in contacts with the sulfatide head group, whereas a-helix
2 favors hydrophobic contacts with the acyl chains of the lipid.
Conformational flexibility of Dab2 SBP upon sulfatide binding
In agreement with our previous work

17

, the addition of DPC-embedded sulfatide to DPC-

containing Dab2 SBP has little or no effect on 1H and 15N chemical shifts of residues S24-E37 but
perturbs resonances of most of the residues spanning residues Y38 to D58 (Supplementary Fig.
S2). The heights of HSQC peaks for residues E33-I56 are considerably lower than those for
residues S24-G31 for both DPC-containing Dab2 SBP with and without sulfatide-embedded
micelles (Supplementary Fig. S2). Residues S24-G31 likely do not contact DPC micelles and are
highly mobile and solvent-exposed as suggested from paramagnetic relaxation experiments

17

.

Residues Y38-I55, on the other hand, contribute to the secondary structure in Dab2 SBP and
strongly interact with DPC micelles

17

. Consequently, as observed in Supplementary Fig. S2,

residues E33-I56 may be poorly observable with solution NMR when Dab2 SBP is bound to either
sulfatide-free or -embedded DPC micelles.
We also used NMR to characterize the backbone dynamics of Dab2 SBP in its free-and sulfatidebound states. Picosecond to nanosecond backbone dynamics, measured by 1H–15N, heteronuclear
Overhauser effect (NOE) of DPC-associated Dab2 SBP, showed very flexible N- and C-termini
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Figure 2. Dab2 SBP dynamics characterized by NMR relaxation measurements. 1H–15N NOE ratio
(a), longitudinal relaxation rates, R1 (b), and transversal relaxation rates, R2 (c) of DPC-embedded Dab2
SBP in the absence (black) or presence (red) of 8-fold DPC-embedded sulfatides. The secondary structure
of Dab2 SBP is depicted at the top of each panel.
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and a rigid structure spanning residues E37-I56; such flexibility was not altered by sulfatides
(Supplementary Fig. S2). Addition of sulfatides decreased R1 and increased R2 of residues T35I56. The relaxation data indicates that sulfatide has little or no effect on the motions of residues
S24-G31 but shifts the spectral density of residues T35-I56 to a lower frequency. This could be
due to sulfatide binding to residues T35-I56, consistent with the data from both molecular docking
(Fig. 1b-c) and HSQC titrations of the peptide with the lipid (Fig. 2a, b), or a sulfatide-induced
increase in DPC micelle size or both.
In silico and lipid-binding assays of Dab2 SBP mutants confirm critical sulfatide-binding
residues
From sulfatide docking studies on wild-type Dab2 SBP, sulfatide docked 8 out of 9 poses clustered
near R42 with the sulfate groups being within 5.6 Å of the furthest atoms of the sulfate group in
each pose and 1 out of 9 poses residing within 7.4 Å of the cluster group. In addition, HSQC
titrations showed that sulfatide markedly perturbed R42 (Supplementary Fig. S2), consistent with
previous observations 17. Further molecular docking experiments were performed to confirm the
influence of R42 for sulfatide binding. Replacement of R42 to alanine reduced close contacts of
Dab2 SBP for sulfatide, as concluded from the analysis of nine independent sulfatide poses on the
mutated peptide (Fig. 3a, Supplementary Fig. S3, and Supplementary Fig. S8). Dab2 SBP R42A
increased the distance for sulfate head group-A42 interactions to greater than 5.0 Å compared to
the wild-type peptide (3.1 Å). To adjust to the loss of R42 in Dab2 SBP R42A, the sulfate head
group sought to hydrogen bond with E33 and T35. Interaction fingerprint analysis of Dab2 SBP
R42A showed fewer overall interactions (Fig. 3a), specifically a loss of aromatic and polar
interactions, with sulfatide compared to the wild-type peptide (Supplementary Table S1). Docking
results also revealed that a mutation of R42 to lysine (R42K) reduced the number of Dab2 SBP
contacts with sulfatide (Fig. 3b and Supplementary Fig. S4) and exhibited less specific docking
clusters on the predicted sulfatide-binding site in Dab2 SBP (Supplementary Fig. S8), but more
closely resembled wild-type Dab2 SBP interactions than R42A. Further analysis indicated that
R42K had less aromatic, charged, hydrophobic, and polar interactions but had more hydrogen bond
interactions compared to Dab2 SBP (Supplementary Table S1). Although Dab2 SBP R42K retains
the charged interaction that R42 displayed in Dab2 SBP, the interaction distance between the side
chain of K42 and the sulfate head group increased to 3.9 Å. This result indicates that not only the
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charge but also the stereochemistry of an arginine residue is required for proper sulfatide docking
in Dab2 SBP. Similarly, replacement of Y38 to alanine led Dab2 SBP to have less polar,
hydrophobic, and charged interactions with sulfatide while having more backbone and hydrogen
bond interactions (Supplementary Table S1 and Fig. S5). Dab2 SBP Y38A increased the
interaction distance to 5.0 Å with the sulfate head group (Fig. 3c and Supplementary Fig. S8),
confirming that Y38 plays an important role in sulfatide docking, while not necessarily interacting
with the sulfate group itself.

Figure 3. Identification of Dab2 SBP critical residues for sulfatide binding using molecular docking.
(a-e) Lowest energy pose of sulfatide docked to Dab2 SBP R42A (a), Dab2 SBP R42K (b), Dab2 SBP
Y38A (c), Dab2 SBP K49A/K51A/K53A (d), and Dab2 SBP Y50A (e). In all cases, key residues are
colored in blue. Sulfatides (cyan) are shown as sticks and colored by element. (f) Surface representation of
sulfatide-bound Dab2 SBP K49A/K51A/K53A showing the hydrophobic (green), positively charged (blue),
and negatively charged (red) regions. Sulfatide backbone is represented as a stick colored with carbon as
cyan, sulfate as yellow and oxygen as red. Surface potential was calculated using Schrodinger Maestro.

Molecular docking of sulfatide in Dab2 SBP predicted lipid acyl chain interactions with residues
located in a-helix 2 (Fig. 3d-e). Combination mutations at K49, K51, and K53 stabilized the R42
and sulfate head group interaction but influenced acyl tail positioning (Fig. 3d and Supplementary
Fig. S6). This triple mutation in Dab2 SBP showed the same interaction distance as the wild-type
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peptide (3.1 Å) with tight sulfate head clustering, as all 9 poses were clustered within 5.5 Å of each
other and interacted with R42 compared to 8 out of 9 poses in the wild-type form (Supplementary
Fig. S8). However, Dab2 SBP K49A/K51A/K53A had less polar, aromatic, and charged
interactions while having more backbone and hydrogen bond interactions (Supplementary Table
S1). The surface rendering of Dab2 SBP K49A/K51A/K53A indicated an exposed hydrophobic
area that is less delimited than the wild type Dab2 SBP (Fig. 3f), potentially causing a loss of
affinity for sulfatide. Thus, these results support the observed environment of Dab2 SBP, generated
by residues R42, Y38, K49, K51, and K53, for sulfatide binding. Replacement of Y50 by alanine
in the peptide exhibited less total charged and hydrophobic interactions with sulfatide, increasing
the sulfate head group distance to R42 to 4.7 Å with a concomitant increment in polar, backbone,
and hydrogen bond interactions (Fig. 3e, Supplementary Fig. S7, Fig. S8, and Table S1).

To experimentally assess whether the mutations in Dab2 SBP alter sulfatide binding, recombinant
Dab2 SBP, and the mutants identified by docking studies, were fused to glutathione S-transferase
(GST) and employed to screen for sulfatide binding using the lipid-protein overlay assay. Although
this assay does not mirror the physiological organization of sulfatides in biological membranes, it
is still useful for obtaining a first screening for the binding of the Dab2 SBP mutants to the
sphingolipid. As expected, Dab2 SBP bound sulfatides and closely reached saturation at 800
pmoles of lipid (Fig. 4a-b). Consistent with the molecular docking data, alanine mutations at
residues upstream of a-helix 1, such as P32 and Y38 (Fig. 1a), reduced the peptide’s sulfatide
binding, whereas mutations at E33 and R42 markedly diminished it (Fig. 4). The poor binding
capacity to sulfatides displayed by Dab2 SBP R42A is not due to a disruption of a-helix 1 as it
remains as folded as the wild-type peptide, as indicated by their circular dichroism spectra
(Supplementary Fig. S9). Consistent with the molecular docking studies, replacing R42 by lysine
reduced sulfatide binding whereas alanine mutations on residues outside of the predicted binding
pocket, such as E37 and D46, did not alter lipid binding (Fig. 4). Unexpectedly, alanine mutation
of Dab2 SBP at K44, which did not alter the secondary structure of the peptide (Supplementary
Fig. S9), markedly affected sulfatide binding (Fig. 4). Mutagenesis at the second helix, where
sulfatide acyl chains may interact, showed that Y50 is not critical for sulfatide binding, but a triple
alanine mutation at residues K49, K51, and K53 markedly reduced it (Fig. 4) without affecting the
secondary structure of the peptide (Supplementary Fig. S9). The role of these basic residues in
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sulfatide-binding is in agreement with the mutagenesis and liposome-binding studies we
previously obtained using Dab2 N-PTB 13.

Figure 4. Characterization of sulfatide binding to Dab2 SBP in vitro. (a) Lipid-protein overlay assay
displaying the binding of GST fusion Dab2 SBP and the indicated mutants to sulfatides immobilized on
nitrocellulose. (b) Quantification of the binding of the GST fusion peptides to sulfatides.
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Figure 5. Critical Dab2 SBP residues for binding of mimics of sulfatide-containing lipid bilayers. (ac) SPR traces depicting the binding of Dab2 SBP (a), Dab2 SBP Y38A (b), and Dab2 SBP R42A (c) from
1 to 80 µM, to sulfatide liposomes. (d) Plot representing the binding of Dab2 SBP (black circles), Dab2
Y38A (black squares), and Dab2 SBP R42A (black triangles), from 1 to 80 µM, to sulfatide-containing
liposomes.

Taking the molecular docking, NMR, and LPOA results together, we next focused on the novel
role of the Dab2 SBP residues Y38 and R42 in binding to sulfatides using sulfatide-enriched
liposomes of 100 nm in diameter and followed their interactions using surface plasmon resonance
(SPR). In agreement with previous observations

17

, SPR data showed that Dab2 SBP bound

sulfatide liposomes with a KD of 49.8±5.4 µM and the association displayed saturation of binding
(Fig. 5a and d). Alanine mutation at Y38 exhibited a decrease in sulfatide liposome binding with
a KD of 77.0±6.6 µM (Fig. 5b and d). Binding of Dab2 SBP R42A to sulfatide liposomes was
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weaker, with an estimated KD higher than 100 µM (Fig. 5c-d). Thus, in addition of the role of the
a-helix-2 in sulfatide binding, our results show that R42 and Y38, the latter to a lesser extent, are
relevant for the association of Dab2 SBP with sulfatide-embedded lipid bilayers.

Dab2 SBP depends on R42 to reduce sulfatide-mediated P-selectin expression
P-selectin is a cell surface pro-aggregatory protein found in platelets and endothelial cells. This
protein is stored in a-granules and is quickly released to the platelet surface in response to a wide
range of thrombogenic stimuli 18. P-selectin promotes platelet aggregation in a sulfatide-dependent
manner 19. To establish whether Dab2 SBP can modulate P-selectin pro-aggregatory activity, we
evaluated the cell surface expression of P-selectin. Washed platelets were previously activated
with ADP, which represents a critical step for sulfatide-mediated platelet activation 20. Consistent
with previous observations 15, incubation of activated platelets with sulfatide-containing liposomes
led to an increase in the median fluorescence of the anti-P-selectin antibody bound to the platelet
surface (Fig. 6a), indicating that sulfatides promote P-selectin accumulation at the platelet surface.
Pre-incubation of sulfatide liposomes with Dab2 SBP significantly reduced the presence of Pselectin at the platelet surface (Fig. 6a), suggesting that the peptide competes with P-selectin for
sulfatide binding. Replacement of R42 with lysine or alanine significantly impaired the Dab2 SBP
inhibitory activity (Fig. 6a). Representative histograms showing the distribution of the baseline
population of platelets is indicated in Fig. 6b. As expected, ADP induces a minor right shift, which
is indicative of platelet activation (Fig. 6b, inset). In contrast to sulfatide-free liposomes, the
majority of the platelet population become further activated by the presence of sulfatide liposomes
(Fig. 6b, inset). In contrast to the presence of either R42A or R42K, the addition of Dab2 SBP led
to a shift to the left of the median fluorescence (Fig. 6b). Together, our results indicate that Dab2
SBP has the potential to inhibit P-selectin function, with R42 playing a critical role.

43

Figure 6. Inhibition of sulfatide-induced platelet P-selectin surface expression in platelets by Dab2
SBP. (a) Platelets were stimulated with ADP and further incubated with sulfatide-free (Lipo-C) or sulfatidecontaining liposomes (Lipo-S) in the absence or presence of the indicated peptides. Samples were then
fixed, incubated with PE-labeled CD62P (anti-P-selectin) antibody, and analyzed by flow cytometry. The
graph represents the median fluorescence intensity for each treatment (mean ± standard deviation) of three
independent experiments. Data is represented as a fold increase in fluorescence over ADP-treated platelets.
Statistical analysis was carried out using a t-test. (b) Color-coded representative immunofluorescence
histogram displaying the presence of platelet surface P-selectin for the treatments indicated in a. The gray
plot in the inset indicates the presence of P-selectin in the surface of unactivated platelets. (c) Comparison
of the a-synuclein sphingolipid-binding domain with the sulfatide-binding site of Dab2. Asterisks represent
identical residues, whereas residues that share common properties.
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Discussion
We previously reported the NMR structure of a region of Dab2 spanning residues 24-58, which
we named here Dab2 SBP, binds sulfatide 17. Furthermore, we showed that the peptide contacts
sulfatide-embedded membrane mimics using its twenty C-terminal amino-acids, inhibiting platelet
aggregation 17. In this study, we provide additional structural and functional features of Dab2 SBP.
Our molecular docking studies suggest that residues upstream and on the first a-helix of Dab2
SBP interact with the sulfatide head group, whereas the second a-helix provides recognition of the
sphingolipid acyl chains. In agreement with the in silico data, relaxation measurements showed
that sulfatide-dependent motions in Dab2 SBP map in a region comprising residues T35-I56. To
establish the structural basis of Dab2 interaction with sulfatides, we designed a series of Dab2 SBP
mutants, which were tested for in silico docking and in vitro sulfatide binding, identifying critical
residues for lipid binding. Finally, we demonstrated that the peptide inhibited the platelet surface
expression of the pro-aggregatory protein P-selectin in a sulfatide-dependent manner.
Our current results suggest that the Dab2 SBP basic residue, R42, is critical for association to the
negatively charged sulfatide. In silico results closely matched our experimental results,
highlighting the ability of docking to predict key residues for binding sulfatide in Dab2 SBP.
Replacement of R42 with lysine reduced sulfatide binding in vitro and significantly affected the
function of the peptide for targeting P-selectin surface expression in platelets. This result implies
that not only the positive charge, but also the stereochemistry of the side chain, is required for
sulfatide interactions. In addition, other charged and aromatic Dab2 SBP residues nearby R42 (i.e.,
E33, Y38, K44) were relevant for lipid interactions. Previous results suggested that the last 20
residues of Dab2 SBP are involved in sulfatide interactions

17

. Mutagenesis analysis of the C-

terminal 49-KYKAKL-54 motif (Fig. 4) confirmed its role in sulfatide binding. By docking a
sulfatide to Dab2 SBP, we found that the C-terminal polybasic motif, located in a-helix 2, is likely
required for acyl chain hydrophobic interactions rather than binding to the sphingolipid head group.
Lysine residues are considered to exhibit a dual role in lipid contacts by promoting electrostatic
interactions with negatively charged lipids and/or by employing their flexible hydrocarbon spacers
for hydrophobic interactions with membrane lipids 21. Indeed, we observe a hydrophobic patch in
the wild type Dab2 SBP structure (Fig. 1d) that is shaped by K49, K51, and K53. The suggested
roles of the a-helices in sulfatide docking are in agreement with the doxyl stearic acid-based
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paramagnetic quenching NMR experiments using sulfatide-embedded DPC micelles

17

, which

demonstrate that the first Dab2 SBP a-helix is less quenched than the second one. Thus, this
suggests that the first a-helix is closer to the micellar surface, whereas the second a-helix is
oriented towards the micelle core.
Very few protein-sulfatide complexes have been structurally characterized. The interaction of the
cluster of differentiation 1a (CD1a) with sulfatide involves hydrogen bonds to its 3’ sulfate group
with R76 and E154 and the galactose moiety with R76 and S77, whereas the sulfatide fatty acid
chains display van der Waals interactions mostly with hydrophobic residues

22

. Interestingly, a

basic residue (H38) plays a role in accommodating one of the alkyl chains in the binding pocket
of CD1a.
Sphingolipid-binding domains, such as those described in viral, bacterial, and mammalian proteins
23–25

, predominantly exhibit a consensus helix-turn-helix fold with an aromatic residue, being

solvent-exposed, and either a G or P residue contributing to the turn between the a-helices and
several positively charged residues
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. Intriguingly, a consensus sphingolipid-binding motif has

been identified in a-synuclein 27, which shares several features with Dab2 SBP (Fig. 6c).
Molecular dynamic simulations show that a-synuclein simultaneously interacts with two
molecules of the glycosphingolipid monosialodihexosylganglioside (GM3), with Y39 representing
the most critical sphingolipid-binding residue 27. Of note, it is currently unknown whether Dab2
can bind two sulfatide molecules simultaneously. The a-synuclein protein also binds sulfatides,
but GM3 represents its preferred ligand 27. Interestingly, we found that alanine mutation in Dab2
SBP Y38, equivalent to a-synuclein Y39, reduces the affinity for sulfatide binding by ~35%. In
the a-synuclein membrane model interaction, it is proposed that Y39 is located at the interface
between the polar and nonpolar regions of the sphingolipid, mediating the protein insertion into
the membrane

27

. Supportive of this observation, Dab2 Y38 undergoes 30-50% reduction in its

resonance intensity in micellar paramagnetic NMR experiments 17. Accordingly, we observed that
Dab2 SBP Y38 exhibited minor dynamic changes when the peptide was in contact with sulfatideembedded DPC micelles. A basic residue (K34) located upstream of Y39, also displays a major
role for a-synuclein interactions with GM3 27. However, the equivalent residue in Dab2 SBP, K34,
did not exhibit an important role in sulfatide binding as concluded from molecular docking and
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NMR assays. In contrast to GM3, sulfatides are negatively charged. Given that a-synuclein has a
preference for GM3 over sulfatides, it is possible that a-synuclein K43 may play a similar role to
that observed for Dab2 R42 in sulfatide interactions. Considering that R42K mutation in Dab2
SBP reduced the activity of the peptide but did not abolish it, the presence of K43, instead of R43,
might also reduce the preference of a-synuclein for sulfatides.
Sulfatides are found in discrete patches on activated spread platelet membranes, reminiscent of
lipid rafts. Platelet surface expression of the sulfatide-binding pro-aggregatory protein P-selectin
increases the stability of platelet aggregation 20. Accordingly, Dab2 modulates the extent of platelet
aggregation by targeting P-selectin function. The association of Dab2 to sulfatides impairs Pselectin-sulfatide interactions, thereby reducing the formation of platelet aggregates and plateletleukocyte aggregates 15. Upon platelet activation, Dab2 is transiently secreted from a-granules to
the cell surface 13. Upon sulfatide binding, Dab2 likely undergoes a conformational change 28, a
state in which the protein is more tolerant to thrombin proteolysis 13. It has been suggested that,
once secreted, Dab2 modulates the extent of platelet aggregation by two independent mechanisms
1

. First, Dab2 downregulates the integrin receptor activity by interfering with its interaction with

fibrinogen. Second, extracellular Dab2 blocks platelet-platelet P-selectin-mediated sulfatidedependent interactions. Other sulfatide-binding proteins can be exported out of the cell for
extracellular interactions with sulfatides. For example, the mesencephalic astrocyte-derived
neurotrophic factor (MANF) is an endoplasmic reticulum protein that is secreted under stressrelated stimuli

. Binding of secreted MANF to sulfatides, through its a-helical saposin-like

29

domain, provides MANF cellular uptake and alleviates stress responses driven by the endoplasmic
reticulum 30.
In conclusion, our results indicate how sulfatides interact with Dab2 SBP and identify the critical
binding residues. Our data is in line with what was earlier defined as the minimal a-helical-turna-helical unit for sphingolipid binding. Furthermore, in the case of Dab2, we suggest that R42
mediates the recognition of the negatively charged sulfatide headgroup, and the a-helical lysine
residues at the C-terminus provide an adequate hydrophobic environment through their flexible
hydrocarbon spacers.
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Methods
Chemicals
The list of chemicals and their suppliers are: brain sulfatides, 1,2-dipalmitoyl-sn-glycero-3phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) (AvantiLipids), N-dodecylphosphocholine (DPC) (Anatrace), cholesterol (Sigma), and isopropyl b-Dthiogalactopyranoside (Research Products International). All other chemicals were of analytical
grade.
Expression and purification of Dab2 SBP
A cDNA, representing residues 24-58 in hDab2, was cloned into a pGEX6P1 vector (GE
Healthcare). A GST fusion and untagged Dab2 SBP were expressed and purified as described 31.
Site-directed mutagenesis of Dab2 SBP was carried out using the QuikChange (Stratagene)
protocol.
Creation and validation of Dab2 SBP models
Energy minimized Dab2 SBP and its mutant structures were created with Schrödinger-Maestro
v2018-3 32, using the NMR-derived, Dab2 SBP DPC-micelle embedded structure [PDB ID: 2LSW
17

] as a template. To align with the experimental peptide sequence in this work, residues 19-23

(GPLGS) were built onto the N-terminus of PDB ID: 2LSW using Schrödinger-Maestro’s 3DBuilder. Following the addition of residues 19-23 to the template structure, energy minimization
was performed using the OPLS3e forcefield 33 and default settings in Schrödinger-Maestro v20183. After energy minimization, the Dab2 SBP structure was exported into PDB format and model
quality was assessed using several validation methods. Ramachandran plots generated using the
Rampage webserver 34 assessed model quality with respect to favorable and allowed φ and ψ angles
of residues, and SWISS-MODEL

35,36

calculated a QMEAN plot to quantify model quality with

respect to solvation and torsion angle. ProSA 37,38 compared the model to experimentally derived
structures similar in composition. Five mutant peptides were individually created using the energy
minimized Dab2 SBP structure as the starting template. Each mutation (Y38A, R42A, R42K,
K49A/K51A/K53A, and Y50A) was built using Schrödinger-Maestro 32 by altering the residue(s)
of interest using the built-in mutagenesis tool. Following residue alteration, energy minimization
was performed as stated above. Structures were exported as PDB files and model quality was
assessed using the same procedure as Dab2 SBP, with varying validation quality as influenced by
the point mutations.
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Molecular docking of Dab2 SBP variants to sulfatide
The structure of sulfatide was obtained from the ZINC database (ZINC96006133) and converted
from the mol2 to the PDB format using UCSF Chimera

38

. Sulfatide and Dab2 SBP and point

mutation structures were prepared in AutoDockTools v1.5.6 39 and a sulfatide was docked to each
Dab2 SBP energy minimized structure using AutoDock Vina v1.1.2

40

. The same grid box and

center was used for each docking experiment and covered the entire Dab2 SBP structure. The
center coordinates for the grid box (X, Y, Z) were (-1.722, 0.667, -2.2194). The grid box
dimensions (X, Y, Z) were (30Å, 46Å, 42Å), using a 1 Å grid space. Nine poses were created from
each docking run, with the lowest energy pose used for further analysis on residue interaction and
fingerprint analysis. Molecular visualization of docked poses was performed in PyMOL
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.

Sulfatide pose volume occupancy was visualized using UCSF Chimera. Schrödinger-Maestro’s
Interaction Fingerprints analysis tool was used with default parameters on each lowest energy
docked pose to determine potential peptide-sulfatide interactions. The output matrix was converted
manually to a table format and organized by interaction type.
NMR spectroscopy
15

N-labeled Dab2 SBP (1 mM) was prepared in 90% H2O, 10% 2H2O, 10 mM d4-citrate (pH 5.0),

40 mM KCl, 1 mM NaN3, and 200 mM d38-DPC in the absence or presence of 8 mM sulfatide. A
Bruker Avance III 800 spectrometer with cryoprobe and standard Bruker two dimensional 1H–15N
HSQC-type pulse sequences were used to obtain

15

N longitudinal (R1) and transverse (R2)

relaxation rates, and 1H–15N NOEs of Dab2 SBP in the absence and presence of sulfatide at 25oC.
The pulse sequences were hsqcnoef3gpsi (Het-NOE), hsqct1etf3gpsi3d (R1), and hsqct2etf3gpsi3d
(R2) [all from Bruker]. Relaxation delays for the R1 experiments were 5, 50, 150, 250, 400, 550,
750, 1200, and 2000 ms. Relaxation delays for the R2 experiments were 17, 34, 51, 68, 119, 153,
203, and 254 ms. The recycle delay for R1 and R2 experiments was 2 s. 1H–15N NOEs were
measured by comparing intensities of 1H–15N correlation spectra with either 5 s of 1H saturation
or a 5 s delay preceding 1H–15N correlation.
Lipid-protein overlay assay
Sulfatide strips were prepared by spotting 1 µl of the indicated amount of sulfatides, dissolved in
chloroform/methanol/water (1:2:0.8), onto a Hybond-C extra membrane (GE Healthcare).
Membrane strips were blocked with 3% fatty acid-free BSA (Sigma) in 20 mM Tris-HCl (pH 8.0),
150 mM NaCl, and 0.1% Tween-20 for 1 h at room temperature. Then, membrane strips were
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incubated with the indicated GST fusion peptide in the same buffer overnight at 4°C. Following
four washes with the same buffer, bound fusion peptides were detected with rabbit anti-GST
antibody (Proteintech) and donkey anti-rabbit-horseradish peroxidase antibody (GE Healthcare).
Binding of fusion peptides to sulfatides was probed using the Supersignal West Pico
chemiluminescent reagent (Pierce).
Surface plasmon resonance
Binding of Dab2 SBP peptides to sulfatide liposomes were monitored by surface plasmon
resonance (SPR) at room temperature using a BIAcore X-100 instrument (GE Healthcare). Onehundred nanometer size-calibrated liposomes were generated as previously described. Briefly,
lipids including DPPC:DPPE:cholesterol (1:1:1; control), or DPPC:DPPE:cholesterol:sulfatide
(1:1:1:4), were solubilized in chloroform/methanol/water mixtures. The resulting mixture was
dried under N2 followed by vacuum to remove solvent traces. The lipid mixture was then
resuspended at 0.8 mg/ml in 20 mM Tris-HCl (pH 6.8) and 100 mM NaCl to reach a final
concentration of 0.5 mM sulfatide, sonicated, and extruded for 100-nm liposome size at 68°C. L1
sensorchips were first equilibrated with 20 mM Tris-HCl (pH 7.4) and 100 mM NaCl as a running
buffer. Then, L1 sensorchips were pretreated with 40 mM octyl b-D-glucopyranoside. At a 30
µl/min flow rate, control liposomes were immobilized onto one of the L1 sensorchip channels
whereas a second channel was loaded with sulfatide-containing liposomes. Typical liposome
loading was ~4,000 response units/sensorchip channel. The apparent KD values were estimated
using BIAevaluation software, version 2.0 (GE Healthcare).
Blood collection and platelet purification
Blood samples were obtained from healthy volunteers by venipuncture, according to Virginia Tech
Institutional Review Board guidelines. Blood samples were collected into vacutainer ACD
solution A blood tubes (Becton, Dickinson and Co) and centrifuged for 20 min at 200xg to separate
a platelet-rich plasma (PRP) fraction from erythrocytes. Then, the PRP fraction was further
centrifuged for 5 min at 1,100xg. The resultant platelet-containing pellet was resuspended in 10
mM HEPES (pH 7.4), 134 mM NaCl, 12 mM NaHCO3, 2.9 mM KCl, 0.34 mM Na2HPO4, and 1
mM MgCl2 (Tyrode’s buffer) containing 0.5 µM prostaglandin (PGI2). Platelets were then washed
in PGI2-free Tyrode’s buffer, containing 5 mM dextrose and 0.3% BSA, and counted in a
haemocytometer.
Flow cytometry
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Washed platelets (1.5 x 105 platelets/µl) were maintained in Tyrode’s buffer (unactivated) or
treated with 30 µM ADP (activated). Both unactivated and activated platelets were incubated for
6 min at room temperature with either control liposomes (Lipo-C, 50 µg/ml) or sulfatidecontaining liposomes (Lipo-S, 50 µg/ml) in the absence and presence of 50 µM of one of the
following peptides: Dab2 SBP, Dab2 SBP R42A, or Dab2 SBP R42K. Platelets were fixed with
1% formalin in phosphate buffered saline and incubated with phycoerythrin-labelled anti-CD62P
(P-selectin; Biolegend) antibody following manufacturer’s instructions. Antibody-bound platelets
were quantified using a FacsAria flow cytometer.
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Supplementary information
Material and Methods
Circular dichroism
Far-UV (190-250 nm) circular dichroism (CD) spectra were collected using a Jasco PFD-425 S temperature
control unit-equipped J-815 spectropolarimeter at 10 µM Dab2 SBP constructs in 10 mM citrate (pH 5), 40
mM KF and in the presence of 10 mM DPC. Five CD spectral accumulations were collected at a 1-nm
bandwidth with a response time of 1 s and at a scan speed of 20 nm/min at 23°C. Buffer spectra were also
recorded under the same experimental conditions and subtracted from the peptide spectra.

Tables and figures
Table S1. Residue-sulfatide interactions of the lowest energy pose of Dab2 SBP. Residue interactions
were determined using Schrödinger-Maestro.

Dab2 SBP
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K30

Fig. S1. Model validation of Dab2 SBP after energy minimization. (A) Ramachandran plot of (φ, ψ) angles
for all residues represented as favorable and allowed (black and yellow squares, triangles, and Xs, 89.5%)
and outlier (red squares, triangles, and Xs, 10.5%). (B) ProSA Z-Score represented as a black dot on the
blue plot (-0.84) comparing structure to similar sequence length proteins resolved by NMR or x-ray
crystallography. (C) Summary of QMEAN scores assessing structure quality based on solvation and torsion
angle. (D) 3D-Model of QMEAN structure assessment scores mapped onto model.
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Fig. S2. The interaction of Dab2 SBP with sulfatides followed by two-dimensional NMR spectroscopy. (A)
HSQC spectrum of Dab2 SBP in the absence (black) and presence of DPC-embedded sulfatide. Most
perturbed resonances are labeled and boxed. (B) Histogram representing the normalized NMR resonance
changes of DPC-embedded Dab2 SBP induced by DPC-embedded sulfatides. Dab2 SBP amino acids that
display markedly chemical shift changes are labeled. (C) Histogram representing the intensity of the NMR
resonances of DPC-embedded Dab2 SBP relative to residue K28 in the absence (black) and presence (red)
of DPC-embedded sulfatides. Secondary structure of Dab2 SBP is represented at the top of each panel.
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Fig. S3. Model validation of Dab2 SBP R42A after energy minimization. (A) Ramachandran plot of (φ, ψ)
angles for all residues represented as favorable and allowed (black and yellow squares, triangles, and Xs,
94.7%) and outlier (red squares, triangles, and Xs, 5.3%). (B) ProSA Z-Score represented as a black dot on
the blue plot (-0.8) comparing structure to similar sequence length proteins resolved by NMR or x-ray
crystallography. (C) Summary of QMEAN scores assessing structure quality based on solvation and torsion
angle. (D) 3D-Model of QMEAN structure assessment scores mapped onto model.
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Fig. S4. Model validation of Dab2 SBP R42K structure after energy minimization. (A) Ramachandran plot
of (φ, ψ) angles for all residues represented as favorable and allowed (black and yellow squares, triangles,
and Xs, 94.7%) and outlier (red squares, triangles, and Xs, 5.3%). (B) ProSA Z-Score represented as a black
dot on the blue plot (-0.9) comparing structure to similar sequence length proteins resolved by NMR or xray crystallography. (C) Summary of QMEAN scores assessing structure quality based on solvation and
torsion angle. (D) 3D-Model of QMEAN structure assessment scores mapped onto model.
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Fig. S5. Model validation of Dab2 SBP Y38A after energy minimization. (A) Ramachandran plot of (φ, ψ)
angles for all residues represented as favorable and allowed (black and yellow squares, triangles, and Xs,
94.7%) and outlier (red squares, triangles, and Xs, 5.3%). (B) ProSA Z-Score represented as a black dot on
the blue plot (-0.78) comparing structure to similar sequence length proteins resolved by NMR or x-ray
crystallography. (C) Summary of QMEAN scores assessing structure quality based on solvation and torsion
angle. (D) 3D-Model of QMEAN structure assessment scores mapped onto model.
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Fig. S6. Model validation of Dab2 SBP K49A/K51A/K53A Dab2 after energy minimization. (A)
Ramachandran plot of (φ, ψ) angles for all residues represented as favorable and allowed (black and yellow
squares, triangles, and Xs, 94.7%) and outlier (red squares, triangles, and Xs, 5.3%). (B) ProSA Z-Score
represented as a black dot on the blue plot (-0.77) comparing structure to similar sequence length proteins
resolved by NMR or x-ray crystallography. (C) Summary of QMEAN scores assessing structure quality
based on solvation and torsion angle. (D) 3D-Model of QMEAN structure assessment scores mapped onto
model.
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Fig. S7. Model validation of Dab2 SBP Y50A structure after energy minimization. (A) Ramachandran plot
of (φ, ψ) angles for all residues represented as favorable and allowed (black and yellow squares, triangles,
and Xs, 94.7%) and outlier (red squares, triangles, and Xs, 5.3%). (B) ProSA Z-Score represented as a black
dot on the blue plot (-0.89) comparing structure to similar sequence length proteins resolved by NMR or xray crystallography. (C) Summary of QMEAN scores assessing structure quality based on solvation and
torsion angle. (D) 3D-Model of QMEAN structure assessment scores mapped onto model.
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Fig. S8. Surface representation of all sulfatide poses docked to Dab2 SBP mutants. (A) Dab2 SBP
R42A; (B) Dab2 SBP R42K; (C) Dab2 SBP Y38A; (D) Dab2 SBP K49A/K51A/K53A; (E) Dab2 SBP
Y50A. Dab2 SBP mutant structures are rendered as cartoon colored tan with the N-terminus colored blue
and C-terminus colored red. R42, when visible, is shown as stick colored gray and by atom type. Sulfatide
head groups are colored red with their sulfo groups yellow, whereas the acyl chains are colored gray. The
nine poses, produced by AutoDock Vina, are shown as surface colored gray and by atom type.
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Fig. S9. Far-UV CD spectra of DPC-embedded Dab2 SBP (black), Dab2 SBP R42A (red), Dab2 SBP R42K
(gray), Dab2 SBP K44A (orange), and Dab2 SBP K49A/K51A/K53A (green).
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Chapter 3 Conclusions
The results of this work elucidated the fundamental mechanisms of Dab2 SBP binding to sulfatide
with both structural and functional perspectives, which can be used for the design of Dab2 SBPderived peptides that may interfere with platelet-platelet and platelet-cancer cell interaction by
competing with P-selectin for sulfatide association. The resulted findings are listed below:
(1) Autodock Vina has been used to refine the residues involved in the interaction between
sulfatide and Dab2 SBP and its derived peptides. Molecular docking showed that Arg42 is one of
the most critical residues of Dab2 SBP for sulfatide interaction through the recognition of the
negatively charged sulfatide headgroup. Two mutants, Dab2 SBP R42A and Dab2 SBP R42K,
were designed further to evaluate the binding mechanism and the same docking procedures as
Dab2 SBP were performed. Accordingly, both the positive charge and the stereochemistry of the
side chain are found to be necessary for sulfatide interactions. Also, several charged and aromatic
residues around R42 (i.e., E33, Y38, K44) facilitated lipid interactions. Moreover, we found that
the C-terminal polybasic motif, located in the second a-helix, is likely required for acyl chain
hydrophobic interactions rather than binding to the sulfatide head group.
(2) In order to better understand the binding mechanism between sulfatide and Dab2 SBP, the
backbone dynamics of Dab2 SBP was determined by solution NMR spectroscopy. The results
showed that the addition of sulfatide embedded in DPC micelle to Dab2 SBP has little or no effect
on 1H and
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N chemical shifts of the N-terminal residues (24-31), but alters the shifts of most

residues at the C-terminus (35-56), which agrees with our previous studies. The heights of NHSQC
peaks for residues 35-56 are considerably lower than peak heights for residues 24-31 for both Dab2
SBP in DPC with and without sulfatide. Residues 35-56 may not be observable with solution NMR
when Dab2 SBP is attached to liposomes. The NMR relaxation data indicates that sulfatide has
little or no effect on motions of residues 24-31 but shifts the spectral density of residues 35-56 to
lower frequency. This could be due to sulfatide binding to residues 35-56, consistent with the data
from molecular docking and HSQC titrations of the peptide with the lipid, or a sulfatide-induced
increase in DPC micelle size or both.
(3) To experimentally evaluate whether the mutations in Dab2 SBP affect sulfatide binding,
several recombinant Dab2 SBP mutants were designed based on the molecular docking studies
and employed to lipid-protein overlay assay (LPOA). Compared to the wild-type Dab2 SBP,
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mutants with alanine mutations at residues upstream of a-helix 1, such as P32A and Y38A,
reduced the peptide’s sulfatide binding, whereas mutants E33A and R42A dramatically diminished
it. In addition, Dab2 SBP R42K reduced the sulfatide binding. However, mutants with mutations
outside of the predicted binding pocket, such as E37A and D46A, did not alter lipid binding.
Mutations at the second helix showed that Tyr50 is not critical for sulfatide binding, but a triple
alanine mutation at residues Lys49, Lys51, and Lys53 markedly reduced it without affecting the
secondary structure of the peptide. These observations are consistent with molecular docking
studies. It is worthy to notice that all the mutations did not affect the peptides’ overall secondary
structures, as evidenced by circular dichroism studies.
(4) Based on the above results, we next focused on the role of the Dab2 SBP residues Y38 and
R42 in sulfatides binding using surface plasmon resonance (SPR). The data showed that Dab2 SBP
binds to sulfatide-loaded liposomes with a KD of 49.8±5.4 µM and the association displayed
saturation of binding. In contrast, alanine mutation at Y38 showed a decreased sulfatide liposome
binding with a KD of 77.0±6.6 µM. Dab2 R42A bound sulfatide-loaded liposomes showed a
weaker binding affinity, estimated higher than 100 µM. Collectively, these results suggest that
Arg42 and Tyr38, the latter to a lesser extent, are relevant for the association of Dab2 SBP with
sulfatide-embedded lipid bilayers.
(5) Furthermore, flow cytometry was conducted to assess whether Dab2 SBP can modulate Pselectin pro-aggregatory activity as P-selectin promotes platelet aggregation in a sulfatidedependent manner. Pre-incubation of sulfatide liposomes with Dab2 SBP significantly reduced the
presence of P-selectin at the platelet surface, indicating that the peptide competes with P-selectin
for sulfatide binding. However, Dab2 SBM R42A abolished its ability to inhibit sulfatide-induced
P-selection expression at the platelet surface, while Dab2 SBM R42K induced a less significant Pselectin expression than Dab2 SBP. Therefore, our results suggest that Dab2 SBP has the potential
to inhibit P-selectin function, with Arg42 playing a critical role.
Collectively, this work provides the dissection of the structural basis for sulfatide recognition by
Dab2 with various biophysical approaches. Also, the biological activities of Dab2 in inhibiting
platelet activation through P-selectin competition for sulfatide binding are determined by flow
cytometry. Studies on the role of platelet activation in cancer cell metastasis indicate that platelet
can be a potent target for cancer therapy. It is known that Dab2 transiently presents at the surface
of activated platelets. Therefore, with the development of newer and more efficient drug-delivery
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systems, our findings raise the possibility of using a Dab2 SBP-derived peptide with altered
sulfatide recognition features in platelets to target the site of CTCs without causing severely
impaired platelet activation and bleeding risk. Accordingly, the resulting peptide might compete
with P-selectin on the platelet and cancer cell surface to limit platelet aggregation and platelet
adhesion to cancer cells, respectively, thus working as an antiplatelet drug with anticancer
properties.
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