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Abstract
Disabled-2 (Dab2) is an adapter protein that interacts with cell membranes and it is involved in
several biological processes including endocytosis and platelet aggregation. During endocytosis,
the

Dab2

phosphotyrosine-binding

(PTB)

domain

mediates

protein

binding

to

phosphatidylinositol 4,5-bisphosphate (PIP2) at the inner leaflet of the plasma membrane and
helps co-localization with clathrin coats. Dab2, released from platelet alpha granules, inhibits
platelet aggregation by binding to the αIIbβ integrin receptor on the platelet surface through an
Arg-Gly-Asp (RGD) motif located within the PTB domain. Alternatively, Dab2 binds sulfatides
on the platelets surface, and this binding partition Dab2 in two pools (sulfatide and integrin
receptor-bound states), but the biological consequences of lipid binding remain unclear. Dab2
binds sulfatides through two basic motifs located on its N-terminal region including the PTB
domain (N-PTB). We have characterized the binding of Dab2 to micelles, which are widely used
to mimic biological membranes. These micellar interactions were studied in the absence and
presence of Dab2 lipid ligands, sulfatides and PIP2. By applying multiple biochemical,
biophysical, and structural techniques, we found that whereas Dab2 N-PTB binding to PIP2
stabilized the protein but did not contribute to the penetration of the protein into micelles,
sulfatides induced conformational changes and facilitated penetration of Dab2 N-PTB into
micelles. This is in agreement with previous observation that sulfatides, but not PIP2, protect
Dab2 N-PTB from thrombin cleavage. By studying the mechanism by which Dab2 targets
membranes, we will have the opportunity to manipulate its function in different lipid-dependent
biological processes.
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CHAPTER 1: INTRODUCTION
1.1

Literature review

1.1.1 Background
Disabled-2 (Dab2) is an adapter protein that interacts with cell membranes and is
involved in several biological processes. Also known as Doc-2 or p96 (Howell, Gertler, et al.,
1997; Xu et al., 1995), Dab2 is a homologue of Disabled-1 (Dab1), a cytosolic adaptor protein
that regulates the reelin signaling cascade controlling cell positioning in the central nervous
system (Howell, Hawkes, et al., 1997; Sheldon et al., 1997). Dab2 is a 770-amino acid protein
with an estimated molecular weight of 82.5 kDa. The structure of Dab family proteins suggests
that they mediate protein-protein or protein-membrane docking functions by sharing an Nterminal phosphotyrosine-binding (PTB) domain and a C-terminal proline-rich (PRD) domain
(Figure 1) (Xu et al., 1995).

Thrombin cleavage site
N-PTB region

17

NPF/DPF

185

770

1

PRD

PTB
24-29

49-54

sulfatide binding motifs

PIP2 binding

Clathrin box

Figure 1. Modular architecture of Disabled-2.
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Myosin VI binding

PTB domain is structurally related to pleckstrin homology (PH) domain superfamily (M
A Lemmon & Ferguson, 2000). The domain participates in diverse cellular functions due to its
ability to bind phospholipids and peptides in both phosphotyrosine-dependent and -independent
fashion (Mark A. Lemmon et al., 1996; Stolt et al., 2003; Yun et al., 2003), Additionally, PTB
domain binding occurs in a non-cooperative way at two different binding sites (Stolt et al.,
2004). The PRD domain is a SH3-binding domain that binds the growth factor receptor-bound
protein 2 (Grb2), an adaptor protein important in signal transduction of protein receptor tyrosine
kinase (RPTK) (Xu et al., 1998). This binding results in the increase of RPTK activation and
works as a regulator of the Ras pathway by inhibiting mitogenic stimulation (Zhou & Hsieh,
2001). The Dab2 PRD domain is also associated with binding to myosin VI during endocytosis
(Morris et al., 2002). In addition, Dab2 has two DPF (Asp-Pro-Phe) and five NPF (Asn-Pro-Phe)
motifs that bind to AP2, clathrin and Eps-15 homology (EH) domains, respectively. (Di Fiore et
al., 1997; Mishra et al., 2002; Morris & Cooper, 2001)
Dab 2, unlike its homolog Dab1, is widely expressed in different human tissues including
spleen, thymus, prostate, testis, small intestine, and is particularly abundant in ovary (Albertsen
et al., 1996; Fazili et al., 1999; C.-L. Huang et al., 2006). The differences in expression levels of
Dab2 when comparing normal and malignant tissues, suggest its role as a tumor suppressor
specifically in the cases of ovarian and breast cancers where Dab2 was found to be either
reduced or absent (Fazili et al., 1999; Mok et al., 1994; Schwahn & Medina, 1998; Sheng et al.,
2000). It was also found to be decreased in prostate and metastatic pancreatic carcinoma (Y.
Huang et al., 2001; Tseng et al., 1998). Dab2 is also implicated in the canonical Wnt/β-catenin
induced signaling pathway as a negative regulator while enhancing the non-canonical Wnt
mediated c-Jun amino terminal kinase activation (Hocevar et al., 2003).
2

Dab2 is also involved in growth factor signaling cascades and in aldosterone synthase
expression and aldosterone secretion (Romero et al., 2007; Zhou & Hsieh, 2001). It is a crucial
factor of the transforming growth factor (TGF)-β signaling pathway. Dab2 helps in the
transduction of the signal from TGF-β receptors to the Smad family of transcriptional activators
(Hocevar et al., 2001). It also has a critical effect on the TGF-β receptor recycling and
endosomal localization (Penheiter et al., 2010).

1.1.2 The role of Dab2 in endocytosis
Dab2 binds phosphatidylinositols with preference to phosphatidylinositol 4,5bisphosphate (PIP2) (Figure 2) at the inner leaflet of the plasma membrane (Mishra et al., 2002).
PIP2 binding helps co-localize cytosolic Dab2 at the inner plasma membrane with clathrin coats
facilitating its function during endocytosis (Mishra et al., 2002; Morris & Cooper, 2001). Also,
the phospholipid assists in the internalization of the αIIbβ3 integrin receptors in the activated
platelets, which helps in mitigating platelet aggregation (Wencel-Drake et al., 1996). Drahos et
al. suggested that Dab2 was recycled after its internalization as a part of the integrin receptorDab2 complex (Drahos et al., 2009). This is consistent with reported mechanism of essential
trafficking of internalized proteins to α-granules in platelet suggested by Blair and colleagues
(Blair & Flaumenhaft, 2009).

Figure 2. The structure of PIP2

3

1.1.3 The role of Dab2 in hemostasis
Dab2 is implicated in platelet fibrinogen interactions and platelet aggregation (Figure 3)
(C.-L. Huang et al., 2006). When a blood vessel wall is torn open, the body responds by
vasoconstriction to minimize blood lose while working to form a plug to seal the injury site. This
self-sealing mechanism is known as hemostasis, which involves platelet adhesion and
aggregation leading to clot formation. The hemostasis process has been studied extensively
(Spaet, 1966). The platelets make contact with each other and with the injury site to form a lose
clot and release a variety of proteins and clotting factors. This action along with the activation of
coagulation cascades leads to thrombin production. Activated platelets speed up the coagulation
process by providing the membrane surface needed for thrombin production (Blair &
Flaumenhaft, 2009), which is responsible for the conversion of fibrinogen to fibrin. Fibrin then
gets deposited between the platelets to seal the clot (Ni & Freedman, 2003).
At the site of vascular injury, platelets get activated and release α granular Dab2 (Figure
3a) to the extracellular environment in attempt to control bleeding. Platelet aggregation is
modulated by the presence of two pools of Dab2 on the platelet surface (Figure 3). One pool of
the protein binds to αIIbβ3 integrin receptor through its PTB using its conserved Arg-Gly-Asp
(RGD) motif inhibiting platelet aggregation by competing with fibrinogen for the binding of
αIIbβ3 integrin receptor (C.-L. Huang et al., 2006). The second pool of Dab2 binds to sulfatides.
This sphingolipid (Figure 4) sequesters Dab2 from the integrin receptor allowing the aggregation
process to continue, while protecting it from cleavage by thrombin, a strong agonist of platelet
aggregation (Drahos et al., 2009).
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a

Dab2

sulfatides

αΙΙbβ3

α-granules
δ-granules

inactive

active

b

Figure 3. The role of Dab2 in platelet aggregation. a) Schematic drawing of inactive and active platelet.
Active platelet releases Dab2 from their α-granules to the extracellular environment. b) Dab2 is present in
two pools at the surface of platelets, integrin receptor-bound form (inhibits platelet aggregation), and
sulfatide-bound form (allowing the aggregation to continue).
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Figure 4. Structure of a prototype sulfatide.

1.1.4 N-PTB region
N-PTB refers to the N-terminal region of Dab2 from residues Gln 17 to Ala 185 and
includes the PTB domain (Figure 1). This region was the focus of this study because it contains
the binding sites of the Dab2 lipid ligands: sulfatides and PIP2. Sulfatides, which are found at the
extracellular plasma membrane, bind Dab2 through two basic motifs present in the N-PTB
(Figure 1). By contrast, PIP2, which is predominantly found at the intracellular plasma
membrane, binds Dab2 through a patch of basic residues located in the PTB domain including
Lys53, Arg84, His89, Lys90, Arg132, and Lys150 (Stolt et al., 2003). In particular, both Lys53
and Lys90 play a critical role in PIP2 recognition (Yun et al., 2003). The binding sites for the
two ligands are in close proximity to one another located on the same face of the Dab2 surface
(Figure 5). It was previously determined in our laboratory that Dab2 Lys 53 is shared by the PIP2
and sulfatide binding sites (Drahos et al., 2009).

6

Figure 5. Surface representation of the mouse PTB domain (PDB#1m7e) showing sulfatides second
binding motif (Blue) and PIP2 binding site (magenta). The figure was created using PyMOL.

N-PTB is highly conserved between different species (Figure 6). Only intracellular
membrane binding has been reported for Dab1 unlike Dab2 (Drahos et al., 2009; Howell,
Gertler, et al., 1997)
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Figure 6. Sequence alignments of the Dab2 N-PTB region showing sulfatide (blue) binding motifs and
PIP2 (magenta) binding residues and Trp94 (black). The role of this residue in membrane binding has
been investigated in our studies.

1.2 Hypothesis

The goal of this study was to characterize the binding of Dab2 protein to membraneembedded lipid ligands, namely sulfatides and PIP2, through its N-PTB region. The study was
designed based on the hypothesis that the mechanism by which Dab2 interacts with membranes
in a sulfatide-dependent manner is different than that associated with PIP2.

8

1.3 Objectives

To test the hypothesis, micelles were used to mimic biological membranes. PIP2 and
sulfatides were then incorporated into the micelles and tested for Dab2 N-PTB binding. Finally,
binding of Dab2 N-PTB to the lipid ligands was characterized by applying multiple biochemical,
biophysical and structural approaches.

1.3.1 Specific objectives:
The following specific objectives were set and carried out to test the hypothesis:

1.3.1.1

To study structural properties of the Dab2 N-PTB region.

Secondary and tertiary structures of Dab2 N-PTB region were assessed using far- and
near-UV circular dichroism (CD) spectroscopy. CD spectroscopy was also used to evaluate
structural stability of the protein. The goal was to understand structural properties of Dab2 NPTB region and use this information in subsequent studies of protein-ligand interactions.

1.3.1.2

To chose a micellar system that mimics a biological cell

membrane.
Since the goal was to study the binding patterns of the N-PTB region of Dab2 (residues
17-185) to lipids at the cell membrane, a system mimicking the membranes was required to have
a more reliable interpretation of the binding results. Both micelles and liposomes have been used
to mimic biological membranes. The choice between micelles and liposomes is usually based on
the nature of the experiment. Major differences between the two include the presence of a lipid
9

bilayer in liposomes instead of a monolayer of lipids in micelles, and that micelles are much
smaller than liposomes in size. Micelles were chosen for this study because there were more
suitable for nuclear magnetic resonance (NMR) studies (Sanders & Sönnichsen, 2006). The goal
at this stage was to identify the best micellar system with which to work, and that was the one
with the least impact on the structure of Dab2.
Micelles form spontaneously when dispensing detergents in aqueous solutions. The
amphipathic detergent molecules orient themselves forming vesicles with the hydrophilic head
facing the solution while its hydrophobic tail facing the center. The vesicles size and shape
depends on the detergent and the amount of impurities present in the solution (Tanford, 1972).
Each detergent needs to reach a critical minimal concentration (cmc) to favor micelle formation
(Garavito & Ferguson-Miller, 2001; PrivÈ, 2007; Sanders & Sönnichsen, 2006).

1.3.1.3

To evaluate the structure of Dab2 N-PTB as it binds to

membrane-embedded sulfatides and PIP2.
Far- and near-UV CD spectroscopy experiments were conducted to compare secondary
and tertiary structure of Dab2 N-PTB before and after binding to membrane-embedded PIP2 and
sulfatides. NMR spectroscopy experiments were also carried out to monitor Dab2 N-PTB
interaction with membrane-embedded lipid ligands. NMR spectroscopy is a high-resolution
biophysical technique that takes advantage of the specific quantum mechanical magnetic
properties of certain atoms. It has been widely used to study protein structure and function
(Szyperski, 2006). NMR is useful to study mixtures of samples in order to understand the
dynamic effects of the environment such as change in temperature or pH on the structure and
behavior of a protein. It can be applied to a wide variety of samples especially in solution where
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interactions between macromolecules can be monitored in near biological conditions.

1.3.1.4

To investigate the role of Trp94 in Dab2 N-PTB membrane

binding.
In general, conserved tryptophan residues have been shown to be involved in the
recognition of protein ligands (Samanta & Chakrabarti, 2001). Dab2 N-PTB has only one
tryptophan (Trp94). Trp94 is highly conserved among different species (Figure 6). It is also
located in close proximity to the binding sites of both sulfatides and PIP2 (Figure 7). For these
reasons, the biological role of Trp94 in membrane binding was investigated primarily using
tryptophan fluorescence spectroscopy. The side chain of Trp94 was used as a probe in
acrylamide quenching experiments to determine the degree of Trp94 exposure relative to the
surface of the protein and to define its role in Dab2 N-PTB.

a

b
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Figure 7. a) Surface representation of mouse Dab2 PTB domain (PDB#1m7e) showing the proximity of
Trp94 (Black) to the binding sites of PIP2 (magenta) and sulfatides (Blue). b) Cartoon representation of
the Dab2 PTB domain (PDB#1m7e) tertiary structure showing Trp94 side chain (black). Both were
created using PyMOL.

1.4 Significance

The importance of this project comes from Dab2’s relevance to the regulation of platelets
aggregation, one of the fundamental processes in hemostasis. Understanding the binding
characteristics of the Dab2 protein to membrane-embedded ligands could help in the
development of new therapeutic approaches that deal with thrombosis and hemorrhage. In
addition, such understanding would be helpful in manipulating the activity of Dab2 not only in
platelets but also in other systems that depends on Dab2-membrane interactions.
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C HAPTER 2: M ATERIALS AND
M ETHODS
2.1

Materials

N-Dodecyl-β-D-maltopyranoside (DDM), n-Dodecylphosphocholine (DPC)
(Anatrace/Affymetrix, Santa Clara, CA); L-Myristoyl-2-hydroxy-sn-glycero-3-phosphocholine
(LMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine (DPPE), 1,2-dipalmitoyl-sn-glycero-3-(phosphor-l-serine) (DPPS),
sulfatides (brain, porcine) (cerebroside sulfates) (Avanti Polar Lipids, Alabaster, AL), and
cholesterol were purchased from Sigma-Aldrich (St. Louis, MO). Dihexanoyl (c6) and
dipalmitoyl (c16) PI(4,5)P2 (PIP2) were purchased from Cayman Chemical Company (Ann
Arbor, MI). All other chemicals were analytical reagent grade.

2.2

DNA cloning, plasmids, and protein expression and purification

The human Dab2 N-PTB cDNA (residues 17-185) was cloned into a pGEX6P1 plasmid
(GE Healthcare, Piscataway, NJ). Escherichia coli cells (strain Rosetta, Novagen, Gibbstown,
NJ) were transformed with the Dab2 N-PTB construct described above (provided by Daniel
Capelluto Laboratory). Luria-Bertani media was inoculated with an overnight pre-culture (1:50
dilution) and cells incubated at 37°C until they reached an optical density (OD) of about 0.8.
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Production of the protein was induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG)
for 2 h at 25°C. 15N and 15N-13C labeled proteins were produced in M9 minimal media
supplemented with 15NH4Cl (Cambridge Isotope Laboratory Inc., Andover, MA) as the source of
nitrogen and with 13C-U- D-glucose (Cambridge Isotope Laboratory Inc., Andover, MA) as the
source of carbon.
Dab2 N-PTB protein was purified using glutathione affinity beads (GE Healthcare,
Piscataway, NJ) and size-exclusion chromatography (Superdex 75) as reported (Drahos et al.,
2009). Protein concentration was determined using the Bradford method (Bradford, 1976), and
its purity assessed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE).
A single tryptophan mutation (residue 94 in Dab2) to Leucine was obtained by sitedirected mutagenesis, using the following primers: (Dab2 N-PTB W94L, forward) 5’ CAA CAC
AAA CAA AGG ATC CTG GTC AAC ATT TCC C 3’, (Dab2 N-PTB W94L, reverse) 5’ G
GGA AAT GTT GAC CAG GAT CCT TTG TTT GTG TTG 3’. The construct was confirmed
by the DNA Sequencing core at the VBI Core Facility at Virginia Tech (Blacksburg, VA).

2.3

Sample preparation for Circular Dichroism and Tryptophan

Fluorescence spectroscopy studies

PIP2- c6 (1-10 mg/ml stock concentration), and detergents including DPC (500 mM),
LMPC (50 mM) and DDM (100 mM), were dissolved in water. Sulfatides were added, (10-100
mM in stock) to DDM solution and sonicated using a water bath sonicator for 2 min at RT to
incorporate the sulfatides into DDM micelles.
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Protein samples were prepared in 5 mM Tris-HCl (pH 6.8), 100 mM KF, and 100 µM
DTT, and recorded in the absence and presence of DDM, LMPC or DPC to study protein-micelle
interactions. PIP2, in the presence and absence of DDM, and sulfatides-DDM micelles were
added to the protein to study protein-ligand interactions. The appropriate buffers were used as a
blank and were subtracted from the protein spectra.

2.4

Circular Dichroism Spectroscopy

Circular Dichroism (CD) spectroscopy is defined as the unequal absorption of righthanded and left-handed circular polarized light (Greenfield, 2007). It has been widely used to
examine the structure of biological macromolecules such as proteins (Sreerama & Woody,
2004). Different information can be learned from a CD experiment based on the wavelength
used. For example, the far-UV spectral region (190-250 nm) is used to determine the secondary
structural content of a protein. In comparison, near-UV spectral region (250-320 nm) is used to
evaluate protein tertiary structure. CD can also be used to assess the stability of proteins and to
perform qualitative measurements of protein-protein or protein-ligand interactions (Ranjbar &
Gill, 2009).
Spectra were recorded on Jasco J-815 spectropolarimeter (Easton, MD), using a
bandwidth of 1-nm and a response time of 1 s at a scan speed of 50 nm/min with 0.5 nm
increments at 23°C. For far-UV (10μM N-PTB) experiments, five accumulations scans from 260
to 190 nm were gathered. Spectra were deconvoluted to estimate secondary structure content
using the online server DICHROWEB (Whitmore & Wallace, 2004) using the CDSSTR
algorithm (Sreerama et al., 2004) . For near-UV experiments, ten spectra accumulations from
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340 to 260 nm of 100 μM N-PTB were collected. Molar residue ellipticity (MRE [θ]) was
calculated using the equation:
θ = θ×

!.!×!"#

(1)

!×!"#$.

where θ is the ellipticity units in millidegrees, MRW is the mean residue weight in unit, P is the
path length in cm, and Conc is the protein concentration in mg/ml (Whitmore & Wallace, 2004)
.
For thermal denaturation experiments, the change in ellipticity was followed at 222 nm,
while increasing the temperature at a rate of 1°C /min from 4 to 90°C, using 1-nm bandwidth and
120 s of delay period. To determine the melting temperature, which is the temperature at which
50% of the protein is unfolded, the data was fitted using KaleidaGraph (version 4.03, Synergy
Software, Reading, PA) to the following equation (Niesen et al., 2007):
𝑌 = 𝐿𝐿 +

!"!!!
!!!"#

(2)

!! !!
!

where LL is the lower limit intensity, UL is the upper limit intensity, Tm is the melting
temperature, X is the temperature in C°, and a is the slope of the curve.

2.5

Tryptophan fluorescence spectroscopy

Tryptophan fluorescence is a sensitive and selective measurement of the conformational
state of tryptophan residues (Groemping & Hellmann, 2005a). Intrinsic fluorescence of a folded
protein is a mixture of the fluorescence of the individual aromatic residues. Most of the
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fluorescence emission is due to tryptophan with some emission due to tyrosine and
phenylalanine residues (Figure 8) (Lakowicz, 2006).

a

b

Figure 8. a) Absorption spectra of Tryptophan, Tyrosine and Phenylalanine (Wagner). b) Emission
spectra of tryptophan and tyrosine at different excitation wavelength (Groemping & Hellmann, 2005b)

To ensure that the emission spectrum was generated as a result of tryptophan emission
only, the protein sample was excited at 295 nm. The tryptophan fluorescence emission spectrum,
a peak between 300 to 400 nm, is very sensitive to the polarity of the local environment
(Groemping & Hellmann, 2005a; Lakowicz, 2006). That is why sometimes the tryptophan
fluorescence quenches as a result of the presence of protonated neighboring acidic groups such
as aspartic or glutamic acid.
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The Tryptophan fluorescence (TF) spectrum depends on the nature of the
microenvironment of the tryptophan. Changing the environment could simply happen by adding
a micelles or a ligand. Accordingly, TF spectra will shifts either to the left or to the right,
indicating a more hydrophobic and hydrophilic environment, respectively (Groemping &
Hellmann, 2005a, 2005b; Lakowicz, 2006).
Looking at the TF spectra of the protein in the absence and the presence of the micelles
and with and without a ligand can give us an insight on Trp94 role in membrane interactions.
TF spectroscopy was performed using a Jasco J-815 spectropolarimeter (Easton, MD) at
23°C with 1-cm path length cuvette. Samples were excited at 295 nm and 3 accumulated
emissions of 1 uM Dab2 N-PTB were recorded from 310 to 410 nm. To study the effect of
micelle interaction, spectra of the protein were recorded in the absence and presence of DDM
micelles. Titrations of PIP2 (with and without DDM) and sulfatides-DDM micelles were
investigated to find out whether Dab2 Trp94 is involved in the binding of the protein to these
ligands.

2.6

Acrylamide quenching

Acrylamide (Figure 9), a water-soluble quencher, was used as a quencher for tryptophan
fluorescence. Water-soluble quenchers do not easily penetrate the hydrophobic region of
proteins. They need to be in contact with the fluorophore to quench its emission spectra. If the
tryptophan is located in the hydrophobic core of the protein adding acrylamide will not have any
effect on its microenvironment, but if the tryptophan has access to the acrylamide a reduction in
the fluorescence intensity will be observed (Lakowicz, 2006).
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Figure 9. The structure of acrylamide

Thus, by using acrylamide as a quencher in the presence of micelles helped us understand
the location of the tryptophan side chain of Dab2 N-PTB upon membrane binding and allowed
us to monitor the imbedding of the protein into the micelles as it interacted with the ligands
Acrylamide quenching experiments were performed by increasing acrylamide
concentration from 12.5 to 500 mM in the protein sample, using a Jasco J-815 spectropolarimeter
(Easton, MD) at 23°C with 1-cm path length cuvette. Samples were excited at 295 nm and three
accumulations of the emission of 1 uM Dab2 N-PTB were recorded from 310 to 410 nm. To
investigate the degree of exposure of the Trp94 along with the penetration of Dab2 N-PTB into
the micelles, spectra of the protein were recorded with and without DDM micelles. PIP2 (with
and without DDM micelles) and sulfatides-DDM micelles were investigated to find out whether
protein penetration in micelles depends on ligand binding.
The Stern-Volmer constant (Ksv) was determined using this equation:
F° F = Ksv Q + 1

(3)

where F° and F were fluorescence intensities of the sample in the absence and presence of the
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quencher, respectively, and [Q] was the molar concentration of the quencher (Eftink & Ghiron,
1981). The fluorescence intensity values, F, were normalized to the intensity values of the
protein alone.

2.7

NMR spectroscopy

1

H15N-Heteronuclear Single Quantum Coherence (HSQC) NMR spectroscopy was

carried out to monitor Dab2 N-PTB interaction with membrane-embedded lipid ligands.
Identifying active atoms within a molecule using the magnetic properties of that atom gives a
signature peak on the NMR spectra based on its stereochemistry. Each peak representing a
molecule will differ in shape and position depending on what kind of atom are close by and what
kind of forces are bringing those two atoms together. In the context of protein molecules, atoms
could be brought close to each other due to folding of the molecule in the 3D space.
Atoms that are detected by NMR have an intrinsic magnetic moment, in other words a
nonzero spin; those are atoms with nuclides containing odd number of protons and/or neutrons
(isotopes). Examples include 1H, 15N, and 13C, which are commonly used either in combination
of H-H, or H-N, H-C in the homonuclear and heteronuclear two-dimensional NMR experiments
respectively. The magnetic spin properties allow those isotopes to behave as small magnets.
When the isotopically labeled protein is placed in a larger magnetic field those atoms align
themselves with and against the magnetic field depending on their spin, representing two energy
states. The magnetic field determines the energy difference between the two spins. Irradiating
these spin states with radiofrequency equivalent to the difference in energy between the two,
causes the atoms with the lowest energy to jump to the higher energy level state, in the process
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emitting an energy, frequencies, that is detected by the spectrometer in the NMR machine.
Depending on this energy a distinctive peaks are obtained. This process is defined as magnetic
resonance.
The HSQC experiment investigated the structural effects on the backbone amide and NH
side chains resonances in Dab2 N-PTB and interactions with PIP2 and sulfatide ligands.
When a position of a peak changes relative to a reference point, it is called a chemical
shift. These chemical shifts are used to detect ligand-protein interactions by overlying NMR
spectra of the protein in the absence and presence of the ligand. Any chemical shifts observed
after the addition of a ligand could be interpreted as either an actual binding of that backbone
amide (or side chain) residue to the ligand or a conformational change of the protein. In addition
an idea on the folding of the protein could be obtained based on the dispersion of the peaks in the
HSQC NMR spectrum. The more folded the protein the better the dispersion is observed, since
each atom will have a different stereochemistry that will resonate in a particular frequency. If the
protein is fully unfolded, the atoms will be magnetically equivalent and will result in the
accumulation of the peaks in certain areas in the spectrum.
1

H,15N-Heteronuclear Single Quantum Coherence (HSQC) NMR spectroscopy was

carried out using 200 μM 1H,15N N-PTB in 20 mM d11-TrisHCl (pH 6.8), 100 mM KCl, 1 mM
NaN3 and 1 mM d10-DTT with 10% D2O. HSQC experiments were performed at 25°C on a
Bruker Avance III 600 MHz NMR spectrometer (Virginia Tech) equipped with a TBI probe with
Z-axis pulse field gradient. PIP2 binding was tested, in the presence and absence of 0.25mM

DDM micelles, in 4 points titration (0.5, 1, 2 and 4-folds of PIP2 to Dab2 N-PTB) using a 10
mg/ml stock solution, while collecting 48 scans per point. Dab2 N-PTB binding to sulfatide21

DDM complex was tested using 77 µM sulfatides in 0.25mM DDM by adding 6-fold molar ratio
of sulfatides to the protein and collected 112 scans per point. Spectra were processed using
NMRPipe (Delaglio et al., 1995) and analyzed using nmrDraw.
Three dimensional 1H, 15N and 13C NMR spectroscopy experiments were performed
using samples that contained approximately 800 µM 15N,13C N-PTB protein prepared in 20 mM
d11-TrisHCl (pH 6.8), 200 mM KCl, 1mM NaN3 and 1 mM d10-DTT with 10% D2O and 50 µM
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

2.8

Liposome binding assay

DPPC, DPPE, DPPS, cholesterol, sulfatides and PIP2-c16 were dissolved in organic
solvents with different ratios of chloroform, methanol and water. Where DPPC and cholesterol
were dissolved in 1:1 chloroform: methanol. DPPE and PIP2-c16 were dissolved in 65:35:8
chloroform: methanol: water. The ratio 1:2:0.8 of chloroform: methanol: water was used to
dissolve sulfatides, and 65:35:4 ratio of chloroform: methanol: water was used for DPPS.
Sulfatide enriched liposomes were prepared using a molar ratio of 1:1:1:4 of PC: PE: cholesterol:
sulfatides. Control liposomes samples were prepared without sulfatide using the molar ratio 1:1:1
of PC: PE: cholesterol. PIP2-c16 enriched liposomes samples were prepared using a molar ratio
of 5:2:1:1:1 of PC: PE: PS: cholesterol: PIP2. Control liposomes were prepared by adjusting the
ratio with PC.
The following procedure was followed to prepare sulfatide liposomes: Lipid mixtures
were lyophilized and hydrated in 20 mM Tris-HCl (pH 6.8) and 100 mM NaCl to 1 mg/ml at 60
°C for 1 h, then sonicated with an output set to 2.5 and duty cycle set to 25% for 8 min while
22

alternating 30 seconds on 30 seconds off, pelleted, and resuspended at 2.5 mg/mL in the same
buffer. Ten µg of protein was incubated with 125 µg lipids for 20 min at room temperature. To
prepare PIP2 liposomes, the lipid mixtures were lyophilized and hydrated in the same buffer to 1
mg/ml at 67 °C for 30 min. Three cycles of freezing and thawing were done using liquid nitrogen
and the 67 °C water bath. The liposomes were then sonicated, pelleted, and resuspended at 5
mg/mL in the same buffer. Ten µg of protein was incubated with the liposomes for 30 min at
room temperature. Free and bound proteins were separated by centrifugation at a speed of
13,000rpm (Microfuge Fixed-Angle rotor, Beckman Coulter, Brea, CA) for 10 min at room
temperature. Pellet (bound protein) was separated from the supernatant (free protein) and
resuspended with the same volume of the supernatant using the same buffer. The samples then
were mixed with loading buffer and loaded on SDS-PAGE.

2.9

Statistical analysis

KaleidaGraph, version 4.03 (Synergy Software, Reading, PA) was used to perform
analysis of variance (ANOVA) with Fisher’s Least Significance Difference for all Ksv values
from each of the quenching experiments. A p-value < 0.05 was used to determine statistical
significance. Results were presented as the mean value ± 95% confidence intervals.
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C HAPTER 3: R ESULTS AND
D ISCUSSION
3.1

Structural properties of Dab2 N-PTB

Structural properties of the Dab2 N-PTB region were investigated using CD
spectroscopy. It is important to assess the structural properties of Dab2 N-PTB in order to
evaluate structural changes that occur as a result of binding to lipid ligands. Secondary and
tertiary structures along with the range of temperatures at which Dab2 N-PTB is stable were
examined. Far-UV CD spectroscopy spectrum (Figure 10) suggested a mixed of α and β
secondary structural elements as indicated by the presence of a minimum at 208 nm and a
shoulder at 222 nm (Ranjbar & Gill, 2009). Using the DICHROWEB algorithm (Whitmore &
Wallace, 2004), secondary structure content was estimated to be 16% α-helical and 27% βstrands (Table 1).
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Figure 10. Far-UV CD spectrum of the Dab2 N-PTB-region (10µM) showing a minimum at 208 nm and a
shoulder at 222 nm indicating a mixed of α and β secondary structure elements.

The near-UV CD spectroscopy spectrum (Figure 11) is a reflection of the tertiary
structure of Dab2 N-PTB. Near-UV CD spectroscopy generates unique spectrum of individual
proteins depending on the aromatic amino acids available and their environment. It is difficult to
assign peaks to specific amino acids, but signals found around 250-270 nm are usually attributed
to phenylalanine, 270-290 nm to tyrosine, and 280-300 nm to tryptophan residues (Ranjbar &
Gill, 2009). In addition, cysteine gives rise to broad weak signals throughout the near-UV
spectrum. Dab2 N-PTB contains eleven aromatic residues: one tryptophan (Trp94), four tyrosine
residues (Tyr38, 50, 136 and 170), six phenylalanine residues (Phe43, 123, 134, 146, 147 and
166), and one cysteine (Cys138). The near-UV CD spectroscopy spectrum shown in Figure 11
originated from the side chains of these residues reflecting their relative hydrophobic
environments within the folded structure. This figure was used as the baseline for evaluating
changes in the protein tertiary structure induced by different treatments. The folded nature of
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Dab2 N-PTB was further confirmed by two-dimensional HSQC NMR spectrum (Figure 12),
where the well-dispersed pattern of the peaks and their well-defined shapes indicated that N-PTB
is a stable, single-state folded protein. Each protein residue is represented with a chemical shift
(peak or resonance) in the HSQC spectrum. The Dab2 N-PTB construct has 174 amino acids;
169 belong to the N-PTB region whereas the remaining 5 amino acids are part of the vector used
to make the construct. We expected to see 181 peaks in the Dab2 N-PTB NMR spectrum, which
represents all backbone and Asn, Gln, and Trp side chains N-H bonds present in the protein. Out
of 181 peaks, 175 were observed, which indicates that the protein is not either aggregated or
forms multiple oligomeric states and indeed confirms its stable nature.
N-PTB
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Figure 11. Near-UV CD spectroscopy spectrum of Dab2 N-PTB region (100µM) showing its distinctive
tertiary structure. CD experiment was performed at 23°C.

Thermal denaturation analysis of Dab2 N-PTB region showed two cooperative unfolding
states (Figure 13). The first was between 30-55 °C and the second started at 55 °C, at which the
protein became completely unfolded. The spectrum was fitted to determine the melting
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temperature (Tm), which represents the temperature at which 50% of the protein is unfolded. The
Tm for Dab2 N-PTB was calculated to be 46.6 °C. Accordingly the protein is considered fairly
stable at room temperature and all the experiments described in this work were performed from
23 to 25 °C.

1

15

Figure 12. H N-Heteronuclear Single Quantum Coherence (HSQC) NMR spectrum of 200 µM
N-PTB.
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Figure 13. Thermal denaturation analysis of Dab2 N-PTB region (10 uM) monitored by CD ellipticity at
222 nm, while temperatures ranged between 4-90°C.

Dab2 N-PTB structural information summarized in Figures 10, 11, 12 and 13 were used
as a reference in subsequent study of the effect that various micelles and ligands have on the
structure of the protein.

3.2

Dab2 N-PTB is relatively stable in DDM micelles

Micelles were used to mimic the membrane environment in order to characterize the
membrane-binding properties of Dab2 N-PTB. Micelles formed from three detergents were
investigated and the micellar system with the least effect on the structure of Dab2 N-PTB was
chosen for this study. Three detergents were tested:
1. Dodecylphosphocholine (DPC); cmc=1.5 mM (Sanders & Sönnichsen, 2006).
2. Lysomyristoylphosphatidylcholine (LMPC); cmc=0.04-0.9 mM (Sanders & Sönnichsen,
2006).
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3. N-Dodecyl-β-d-maltopyranoside (DDM); cmc=0.2 mM (PrivÈ, 2007).
These micellar systems were chosen because DPC and LMPC are both detergents with a
charged head group and they are widely used in solution NMR studies. These zwitterionic
detergents form homogeneous sized micelles that are highly water-soluble and have low effect
on the structure of proteins (Sanders & Sönnichsen, 2006). LMPC was found to be superior to
DPC in stabilizing the structure of membrane proteins (Sanders & Sönnichsen, 2006). DDM, on
the other hand, is a nonionic detergent consisting of maltose that is glycosidically linked to a 12carbon alkyl chain. It was used to study structural changes in mammalian rhodopsin by 19F NMR
studies (Klein-Seetharaman et al., 1999), and it is believed to stabilize the various oligomeric
states of the G-protein coupled receptors (GPCRs) (Jastrzebska et al., 2006). DDM also enhances
the permeability of insulin across epithelial monolayers (Tirumalasetty & Eley, 2005).
DDM micelles had the least impact on the structure of Dab2 N-PTB compared with
LMPC and DPC micelles. Far- and near-UV CD spectroscopy showed that DDM did not perturb
both secondary and tertiary structures of Dab2 N-PTB, respectively (Figure 14, Table 1). On the
other hand, the maximum effect was caused by DPC micelles, which led the protein to likely
become unfolded.
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Figure 14. Dab2 N-PTB region functional analysis testing different micelles. a) Overlaid Far-UV CD
spectroscopy spectra for Dab2 N-PTB region in the absence and presence of DDM (0.25 mM), LMPC
(0.2 mM) and DPC (3 mM) micelles. b) Overlaid near-UV CD spectroscopy spectra for Dab2 N-PTB
region in the absence and presence of DDM (0.25 mM), LMPC (0.2 mM) and DPC (3 mM) micelles.
Detergent concentrations were established based on their corresponding cmc values.

Table 1. Prediction of the secondary structure content of the Dab2 N-PTB region in the absence and
presence of DDM, LMPC, and DPC micelles.

Sample

HelixR*

HelixD*

StrandR

StrandD

Turns

Unordered

Total

NRMSD*

N-PTB

0.07

0.9

0.17

0.10

0.24

0.33

1

0.016

N-PTB + DDM

0.08

0.10

0.16

0.11

0.23

0.32

1

0.013

N-PTB + LMPC

0.05

0.09

0.18

0.11

0.25

0.32

1

0.023
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N-PTB + DPC

0.05

0.08

0.20

0.11

0.23

0.33

1

0.026

*All secondary structural elements content are in fractions. R and D represent predicted regular and
distorted secondary structure elements, respectively. NRMSD is the normalized root mean square
difference of the experimental and calculated spectra. Predictions were generated using DICHROWEB
and deconvoluted using CDSSTR.

To determine the highest micellar concentration without affecting the structure of the
protein, several DDM concentrations were tested. Micelles spontaneously form in aqueous
solution at detergent concentration above their cmc values, and the more detergent used, the
higher the concentration of the micelles formed. Figure 15 and Table 2 show the effect of
increasing concentrations of DDM from 0.25 to 0.6 mM on the far and near-UV CD
spectroscopy spectra of the protein. At 0.25 mM, DDM had the least impact on the structure of
the protein compared to 0.4 and 0.6 mM.
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Figure 15. Dab2 N-PTB region functional analysis testing different DDM concentrations. a) Overlaid farUV CD spectroscopy spectra for Dab2 N-PTB in the absence and presence of 0.25, 0.4 and 0.6 mM DDM
micelles. b) Overlaid near-UV CD spectroscopy spectra for Dab2 N-PTB in the absence and presence of
0.25, 0.4 and 0.6 mM DDM micelles.
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Table 2. Prediction of the secondary structure content of Dab2 N-PTB region in the absence and
presence of increasing DDM concentration.

Sample

HelixR*

HelixD*

StrandR

StrandD

Turns

Unordered

Total

NRMSD*

N-PTB

0.07

0.9

0.17

0.10

0.24

0.33

1

0.016

N-PTB + 0.25 mM DDM

0.08

0.10

0.16

0.11

0.23

0.32

1

0.013

N-PTB + 0.4 mM DDM

0.06

0.09

0.18

0.11

0.25

0.31

1

0.017

N-PTB + 0.6 mM DDM

0.05

0.09

0.18

0.11

0.25

0.32

1

0.031

*All secondary structural elements content are in fractions. R and D represent predicted regular and
distorted secondary structure elements, respectively. NRMSD is the normalized root mean square
difference of the experimental and calculated spectra. Predictions were generated using DICHROWEB
and deconvoluted using CDSSTR.

The structure stability of Dab2 N-PTB in the presence of 0.25 mM DDM micelles was
also confirmed using NMR spectroscopy (Figure 16). The HSQC spectrum shows a chemical
shift dispersion pattern similar to that of the free Dab2 N-PTB, indicating that DDM has no
effect on the overall structure of the protein. However a reduction in the intensity of the peaks
was observed due to the formation of a Dab2 N-PTB-DDM micelle complex. The larger size
complex generated weaker NMR signal, which resulted in reduced peak intensity. This reduction
is related with the size of Dab2 N-PTB and DDM micellar complex and the reduced speed in
tumbling of this complex in solution NMR scale. In NMR, molecules tumble at specific speeds
determined by their sizes. The larger the size of a molecule, the slower its tumbling speed will
become, which results in weaker NMR signal. DDM micelles are 70-75 kDa (Strop & Brunger,
2005; Vanaken et al., 1986) and Dab2 N-PTB is 19.3 kDa. Therefore, Dab2 N-PTB-DDM
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complex is expected to be 90-95 kDa, which leads to a lower tumbling speed and consequently a
reduction of NMR peak intensities.

Figure 16. HSQC NMR spectra of

15

N Dab2 N-PTB in the absence (black) and presence of 0.25mM
DDM micelles (red).

At this point, it was determined that Dab2 N-PTB was most stable in DDM micelles.
Accordingly, DDM micelles were used to mimic the membrane in subsequent Dab2 N-PTB
membrane binding studies.

3.3

Sulfatide binding induces structural changes in Dab2 N-PTB
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Dab2 N-PTB binding to sulfatides was monitored in the presences of DDM micelles
using far- and near-UV CD spectroscopy. In this study, conformational changes in Dab2 N-PTB
structure upon binding to sulfatides were detected (Figure 17 and Table 3). It was previously
reported that sulfatide-binding protects Dab2 N-PTB against thrombin cleavage, a strong agonist
of platelet aggregation (Drahos et al., 2009). We propose that these structural changes caused the
thrombin cleavage site, a site located between the two sulfatides binding motifs on the N-PTB
region, to be less solvent-exposed and to become inaccessible to thrombin, effectively shielding
Dab2 from cleavage.
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Figure 17. The effect of sulfatide-binding on the Dab2 N-PTB structure. a) Overlaid far-UV CD
spectroscopy spectra of Dab2 N-PTB region in DDM micelles in the absence (red) and presence of
sulfatides (green). b) Overlaid near-UV CD spectroscopy spectra for Dab2 N-PTB region in DDM micelles
in the absence (red) and presence of sulfatides (green).
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Table 3. Predicted secondary structure composition of Dab2 N-PTB in the absence and presence of
DDM, sulfatides, and PIP2.

Sample

HelixR*

HelixD*

StrandR

StrandD

Turns

Unordered

Total

NRMSD*

N-PTB

0.07

0.9

0.17

0.10

0.24

0.33

1

0.016

N-PTB + DDM

0.08

0.10

0.16

0.11

0.23

0.32

1

0.013

N-PTB + DDM +

0.07

0.07

0.20

0.12

0.23

0.31

1

0.033

N-PTB + DDM + PIP2

0.07

0.09

0.18

0.11

0.24

0.31

1

0.018

N-PTB + PIP2

0.07

0.09

0.17

0.11

0.24

0.32

1

0.021

sulfatides

*All secondary structural elements content are in fractions. R and D represent predicted regular and
distorted secondary structure elements, respectively. NRMSD is the normalized root mean square
difference of the experimental and calculated spectra. Predictions were generated using DICHROWEB
and deconvoluted using CDSSTR.

Figure 17a shows secondary structural analysis of Dab2 N-PTB region in DDM micelles
in the absence and presence of sulfatide using far-UV CD spectroscopy. Reduction in α-helical
content was indicated by a reduction in the intensity of the minimum at 208 nm. Secondary
structural fractions were calculated and listed in Table 3. A 4% reduction in α-helical content
was accompanied by a 5% increase in β-strand content in the protein. In general, sphingolipidbinding proteins have been shown to have a common pattern of α/β sandwich where β-sheets
enclosed a pocket and the α-helices and loops pack around the outside of the sheets, creating a
hydrophobic tunnel (Snook et al., 2006). Therefore, it is likely that upon sulfatide binding, a
local conformational change in Dab2 may be observed reflected by rearrangements in its
secondary structure. Figure 17b shows the effect of sulfatides binding on the tertiary structure of
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Dab2 N-PTB region in DDM micelles. Dab2 N-PTB showed substantial change in the way it
folded upon binding to sulfatides. An increase in the number of peaks was observed; the
appearance of an extra peak around 255 nm may indicate that any of the six-phenylalanine
residues are undergoing local conformational changes. Similarly, the two new peaks at 272 and
280 nm may be a result of local conformational changes of tyrosine residues. Also a split of the
peak at 290 nm upon sulfatide binding may reflect a change in the only tryptophan residue or any
of the tyrosine residues of the protein. Three more peaks appeared at the upper end of the
spectra, which may be related to local conformational changes that affect the cysteine residue.
Taken together, we conclude that the α to β switch and the change in Dab2 N-PTB fold suggests
that Dab2 undergoes changes in conformation upon sulfatide binding in membranes. However,
further structural studies are needed to confirm this hypothesis.
A thermal denaturation experiment was used to investigate changes in stability of Dab2
N-PTB in the presence of sulfatides (Figure 18a and Table 4). As the protein interacts with DDM
micelles, the Tm is decreased from 46.6 to 40.4 °C. Sulfatide binding increased the Tm value of
Dab2 N-PTB back to 45.2 °C. These findings illustrate the stabilizing effect that sulfatides have
on Dab2 N-PTB and correlates with the observation of the appearance of a negative shift in the
near-UV spectrum upon sulfatide binding (Figure 17b).
The thermal stability of a Dab2 mutant, Dab2 N-PTB4M, a deficient sulfatide-binding
protein, was also tested as a negative control to make sure that the results were interpreted
correctly. In Dab2 N-PTB4M, four-lysine residues are switched to alanine to abolish the ability of
the protein to bind sulfatides (Drahos et al., 2009). The thermal denaturation experiment shows
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that sulfatides did not have the same stabilizing effect on Dab2 N-PTB4M. This confirmed our
results that sulfatides binding stabilizes Dab2 N-PTB (Figure 18b and Table 4).
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Figure 18. Thermal stability of Dab2 N-PTB. a) Overlaid fitted thermal denaturation spectra of Dab2 NPTB in the absence and presence of DDM and the two ligands, sulfatides and PIP2. b) Overlaid fitted
thermal denaturation spectra of Dab2 N-PTB
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Table 4. The fitted melting temperatures of Dab2 N-PTB alone and as result of adding DDM micelles,
sulfatides and PIP2.

Sample

melting temperature (Tm), °C

N-PTB

46.6

N-PTB + DDM

40.4

N-PTB + DDM + sulfatides

45.2

N-PTB + DDM + PIP2

42.2

N-PTB + PIP2

48.1

N-PTB

4M

N-PTB

4M

+ DDM

36.7

N-PTB

4M

+ DDM + sulfatides

34.2

46.0

Figure 19 shows the NMR spectrum of Dab2 N-PTB in the presence of 6-fold of
sulfatides in DDM micelles. The protein spectrum exhibits a reduction of the intensity in its
chemical shifts (a line broadening effect) as a result of the association of the protein with
sulfatide-enriched DDM micelles. Sulfatides are proposed to be located in lipid rafts at the
surface of cells membranes (Brown & London, 2000; Pike, 2006), where they show a relatively
high local concentration. The NMR spectra of sulfatide-Dab2 N-PTB showed similar peak
dispersion to that of the protein in the presences of DDM indicating the conservation of the Dab2
N-PTB fold. However, resonance line broadening (reduction in the resonance intensity) and the
appearance of new peaks indicate a direct contact of Dab2 N-PTB to sulfatide-enriched micelles
(Figure 19).
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1

15

Figure 19. H N-HSQC NMR spectra of 200 µM N-PTB + 0.25 mM DDM in the absence (black) and
presence of sulfatides (red). For the purpose of illustration, peaks that disappeared upon sulfatides
binding are shown in pink boxes, and the new peaks that appeared in green boxes.

3.4

PIP2 binding stabilizes Dab2 N-PTB without causing any

structural changes in the protein

PIP2, unlike sulfatides, did not cause any conformational changes in the Dab2 N-PTB
structure (Figure 20, Table 3). Interestingly, upon the addition of PIP2 to the Dab2-DDM
complex, PIP2 restored the chemical shift intensities, which was accompanied by the
disappearance of few resonances (Figure 22). PIP2 binding may have stabilized Dab2 N-PTB as
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indicated by the observed increment in the Tm value of the protein (Figure 18a and Table 4). For
control purposes, PIP2-Dab2 N-PTB interaction in the absence of DDM was also monitored
(Figure 21 and Table 3). In the absence of DDM, PIP2 interactions with Dab2 N-PTB did not
cause any changes to the protein secondary structure content (Figure 21a). Similarly, the tertiary
structure remains unchanged, by maintaining similar shape of the near-UV CD spectroscopy
spectrum (Figure 21b). However a reduction in the negative signal, represented as an upward
shift is observed.
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Figure 20. The effect of PIP2 binding on the structure of the Dab2 N-PTB region in the presence of 0.25
mM DDM micelles. a) Overlaid Far-UV CD spectroscopy spectra of 10 µM Dab2 N-PTB in the absence
and presence of 40 µM PIP2. b) Overlaid near-UV CD spectroscopy spectra of 100 µM Dab2 N-PTB in
the absence and presence of 400 µM PIP2.
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Figure 21. The effect of PIP2 binding on the structure of the Dab2 N-PTB region. a) Overlaid far-UV CD
spectroscopy spectra of 10 µM Dab2 N-PTB in the absence and presence of 40 µM PIP2. b) Overlaid
near-UV CD spectroscopy spectra of 100 µM Dab2 N-PTB in the absence and presence of 400 µM PIP2.

The NMR spectrum of PIP2-Dab2 N-PTB interaction (Figure 22a) showed chemical shift
perturbations for a selected group of resonances, which indicates either an actual binding of the
corresponding residue and/or a conformational change that resulted from neighboring residues
near by the PIP2 binding site. Identical protein chemical shift perturbations were detected when
the titrations were performed in either absence or presence of DDM micelles indicating the
conservation of Dab2 N-PTB binding function in DDM micelles. This conclusion was reached
by comparing the peaks that showed chemical shift perturbations in the presence and absence of
DDM micelles (boxed for illustration in Figure 22). In addition, PIP2-Dab2 N-PTB binding in
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the presence and absence of DDM retained the overall fold of Dab2 N-PTB as indicated by the
conservation of the dispersion pattern of Dab2 N-PTB peaks (Figure 22a and b).

a
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b

Figure 22. PIP2-Dab2 binding. a) Overlaid NMR spectra of 200 µM Dab2 N-PTB in the absences and
presence of 800 µM PIP2. b) same as (a) in the presence of 0.25 mM DDM. Peaks that showed chemical
shift perturbations were boxed for illustration.

3.5

Role of Trp94 in Dab2 membrane interactions

Our results suggest a role of Trp94 in Dab2 N-PTB membrane docking. It also suggests
the involvement of Trp94 in PIP2, but not sulfatides, binding. In general, tryptophan has been
shown to be involved in the recognition of protein ligands (Samanta & Chakrabarti, 2001). Dab2
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N-PTB has only one tryptophan residue (Trp94). Accordingly, the chemical environment of the
Trp94 side chain was examined using tryptophan fluorescence (TF) to investigate its
involvement in Dab2-membrane interactions. Initially, Trp94 was thought to be involved in
sulfatide-dependent membrane binding. This was concluded from the observation that the side
chain of Trp94 moved to a more hydrophobic environment as Dab2 N-PTB interacted with
sulfatides (Figure 23). Dab2 N-PTB, Dab2 N-PTB4M, and a Dab2 N-PTB Trp94 mutant (Dab2
N-PTBW94L) proteins were tested to evaluate their abilities to bind membrane sulfatides using the
liposome-binding assay (Figure 24). The liposome-binding assay showed that while Dab2 NPTB4M, a negative control, failed to bind sulfatides, Dab2 N-PTB and Dab2 N-PTBW94L were
able to bind 100% to sulfatide liposomes, indicating that Trp94 mutation to leucine did not affect
the ability of the protein to bind sulfatides. By comparing the results obtained from the three
proteins, we conclude that Dab2 Trp94 is not involved in sulfatide recognition and rather local
conformational changes around this residue take place.
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Figure 23. Overlaid TF spectra of Dab2 N-PTB protein in DDM micelles in the absence (red) and
presence of sulfatides (green).
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Trp94 side chain environment was also affected by PIP2 binding as indicated by TF
spectra (Figure 25). Initially Trp94 fluorophore moved to a more hydrophobic environment as
the protein interacted with DDM micelles. This was indicated by the increase in TF emission
intensity (Figure 26). Binding of PIP2-enriched DDM micelles caused a reduction in the TF
emission intensity of Trp94, which indicated the movement of its side chain to a more
hydrophilic environment (Figure 25a). This binding effectively reversed the DDM effect on
Dab2 Trp94. The TF emission intensity reduction also indicated the involvement of Trp94 in
PIP2 binding. Trp94 involvement can either be a direct binding to PIP2 or a conformational
change as a result of the binding of neighbor residues in Dab2 N-PTB. This effect was also
confirmed using NMR (Figure 22b), which showed a minor chemical shift perturbation for the
peak representing Trp94 NH side chain.
In the case of PIP2 binding in the absence of DDM micelles, the side chain of Trp94
moved to a more hydrophilic environment indicated by intensity reduction of the fluorescence

46

emission spectra (Figure 25b). This result may suggest a possible role of Trp94 in PIP2 binding
or a nonspecific interaction with the exposed hydrocarbon tail of PIP2 that was otherwise
impeded in the DDM micelles. Additional experiments are needed to confirm these observations.
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Figure 25. The effect of PIP2 binding on the environment of Trp94 side chain. a) Overlaid TF spectra for
1 µM Dab2 N-PTB in DDM micelles and in the absence and presence of 4 µM PIP2. b) Overlaid TF
spectra for 1 µM Dab2 N-PTB in the absence and presence of 4 µM PIP2.
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Figure 26. Overlaid TF spectra of Dab2 N-PTB in the absence (red) and presence of 0.25 mM DDM
micelles (blue) indicating the shift of Trp94 to a more hydrophobic environment.

3.6

Sulfatides, but not PIP2, is involved in membrane penetration

of Dab2

Due to the close proximity of Trp94 to the binding sites of both sulfatides and PIP2,
Trp94 was used as a probe to monitor the penetration of Dab2 N-PTB into DDM micelles. The
level of Trp94 accessibility to the solvent was measured using florescence quenching and
compared as the protein interacted with sulfatide- and PIP2-enriched DDM micelles. Among
other quenchers, acrylamide, a polar quencher, was used because it cannot penetrate the
hydrophobic core of proteins, and can only quench the signal of fluorophore present on the
surface of the protein with access to the solvent (Lakowicz, 2006).
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Trp94 was found partially exposed on the surface of Dab2 N-PTB. The Stern-Volmer
constant (Ksv), which represents the degree of tryptophan exposure to the solvent, was calculated
using results obtained from the acrylamide quenching experiment (Figure 27a). Acrylamide
quenching analysis yielded a linear Stern-Volmer plot (Figure 27b), which implied that the
fluorescence quenching takes place on a simple collisional basis (Lakowicz, 2006). This allowed
the calculation of Ksv value using the equation described in Chapter 2. The Ksv value for Dab2 NPTB was found to be 13.3 M-1, which was lower than Ksv for free tryptophan (18 M-1) (Louzada
et al., 2003) indicating that Trp94 was partially exposed on the surface of Dab2 N-PTB. This
result is consistent with the observed solvent-exposed Trp side chain in the mouse Dab2 PTB
domain (Stolt et al., 2003; Yun et al., 2003).
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Figure 27. Dab2 N-PTB membrane functional analysis. a) Fluorescence emission spectra of 1 µM Dab2
N-PTB showing the quenching effect with increased acrylamide concentration (12.5-500 mM). b) Stern-
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Volmer plot of Dab2 N-PTB as a function of intermolecular acrylamide quenching calculated from (a). The
Stern-Volmer constant value (Ksv) is shown in the corresponding quenching experiment. This data is a
representative of three independent experiments that produced similar results.

In order to assess the role of Trp94 in the association of Dab2 N-PTB into membranes,
the calculated Ksv value for Dab2 N-PTB was compared with that corresponding to Dab2 N-PTB
in the presence of DDM micelles. Substantial decrease in Ksv value upon addition of DDM was
observed, which confirms that Trp94 become more buried in the presence of the detergent
(Figure 28).
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Figure 28. Dab2 N-PTB membrane functional analysis. a) Fluorescence emission spectra of 1 µM Dab2
N-PTB in the presence of 0.25 mM DDM showing the quenching effect of increase concentration of
acrylamide (12.5-500 mM). b) Stern-Volmer plot of Dab2 N-PTB in the presence of 0.25mM DDM as a
function of intermolecular acrylamide quenching. The Stern-Volmer constant value (KSV) is shown in the
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corresponding quenching experiment. This data is a representative of three independent experiments that
produced similar results.

Trp94 solvent accessibility was also evaluated for sulfatides- and PIP2- bound Dab2 NPTB states. Sulfatide-enriched micelles binding caused further reduction in the Ksv value, in
comparison with free micelles, suggestive of a further penetration of Dab2 into membranes
(Figure 29a). In contrast, free and PIP2-enriched micelles did not significantly reduce the Ksv
value of the protein (Figure 29b, c).
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Figure 29. Dab2 N-PTB membrane functional analysis. a) Fluorescence emission spectra of 1 µM Dab2
N-PTB in the presence of sulfatides-enriched DDM micelles showing the quenching effect of increased
concentration of acrylamide (12.5-500 mM). b) Same as (a) in the presence of PIP2-enriched DDM
micelles. c) Same as (b) in the presence of free PIP2. d), e) and f) Stern-Volmer plot for (a), (b) and (c),
respectively, as a function of intermolecular acrylamide quenching. Each Stern-Volmer plot is showing the
Stern-Volmer constant value (Ksv) of the corresponding quenching experiment. This data is a
representative of three independent experiments that produced similar results.

By comparing the averages of each set of the Ksv values, it was confirmed, with a 95%
confidence, that the differences in the Stern-Volmer constant were consistent. This result
confirmed our initial conclusion that sulfatides contributed in Dab2 membrane penetration,
whereas PIP2 did not (Figure 30). Furthermore, these results are consistent with literature reports
suggesting that proteins bind sulfatides differently, based on their functionality (Snook et al.,
2006). The result obtained from these experiments suggests that Dab2 N-PTB binds sulfatides
similar to the mechanism used by the Taiwanese cobra cardiotoxin (CTXs), a receptor protein
that binds sulfatides by interacting with the head group of sulfatides (Wang et al., 2005). In this
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0.6

configuration, the sulfatide lipid acyl chains were embedded in the membrane and did not
participate in protein binding. Moreover, it is proposed that CTX binding to membrane sulfatides
is required for the internalization of the protein during endocytosis (Snook et al., 2006).
By contrast, PIP2 interacts with all proteins through the phosphate groups within its head
group by forming hydrogen bonds with basic side chain residues on the surface of proteins
(McLaughlin et al., 2002). Proteins vary in their interaction strengths depending on the number
of hydrogen bonds it can form with PIP2. The phosphoinositide binding orients and localizes
proteins near membranes allowing them to complete their functions. For example, the
localization of members of ezrin-radixin-moesin (ERM) family of proteins by PIP2 allows them
to link actin filaments to the membrane (Tsukita & Yonemura, 1999). Another example is the
localization of Dab1 protein in order to orient its binding sites so that it can bind NPXY peptide
on the cytoplasmic tails of receptors (Stolt et al., 2005).

Figure 30. Comparison of Ksv values. Means associated with different letters are significantly different,
α = 0.05, by least significant difference. Error bars represent 95% confidence intervals
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C HAPTER 4: S UMMARY AND
C ONCLUSIONS
The purpose of this thesis project is to investigate the binding mechanism of Dab2 to
biological membranes in both sulfatide- and PIP2-dependent manner. Multiple biophysical and
biochemical techniques including CD, tryptophan florescence, NMR and liposome binding
assays were employed to study the binding of Dab2 N-PTB region to lipid ligand-embedded
micelles. The research project was designed to test the hypothesis that the mechanism by which
Dab2 interacts with membranes through sulfatides is different from that corresponding to PIP2.
It was imperative to start by characterizing the structure of Dab2 N-PTB and use the
generated information as a baseline for subsequent studies. Our results indicated that Dab2 NPTB is a α/β protein with a melting temperature of 46.6°C. Dab2 N-PTB presents one
tryptophan, Trp94, which is partially exposed on the surface of the protein. This allowed us to
use the Trp94 side chain as a probe and to monitor the penetration of the protein into artificial
membranes using acrylamide-quenching experiments. The study of Dab2 N-PTB-membrane
binding was conducted using DDM micelles. DDM micelles had the least impact on the structure
of Dab2 N-PTB in comparison with LMPC and DPC micelles as was concluded through CD
spectroscopy analysis.
Our observations suggested that Dab2 N-PTB penetrated DDM micelles. Sulfatides
binding increased such penetration, which is accompanied by a conformational change of the
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protein. By comparison, PIP2 binding stabilized the structure of Dab2 N-PTB without causing
further micellar penetration nor a major conformational change in the protein. These results
demonstrated the versatility of Dab2 by highlighting the difference in the manner by which it
interacts with its lipid ligands. Based on our data a model for the binding of Dab2 to sulfatide
and PIP2 is proposed (Figures 31 and 32). Figure 31 illustrates how Dab2 binding to sulfatides
causes conformational changes in the protein and helps membrane insertion, properties that PIP2
lack (Figure 32). However, PIP2 is important to anchor Dab2 to membranes likely by the
phosphoinositide head group, thus facilitating its interaction with the endocytosis machinery.

Figure 31. Schematic illustration of Dab2 (in light green) binding to sulfatides (dark green circles).
Conformational changes of Dab2 are represented by square sand triangule transitions.
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Figure 32. Schematic illustration of Dab2 binding to PIP2 (in blue).Bound and unbound Dab2 states are
represented by light green squares. Clathrin proteins are depicted as triskelions in the stage 3.
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