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Preface

This book is an edited collection of the scientific contributions from the 11th
International Symposium on Cell Surface Macromolecules (11th ISCSM). To
value the importance of the book, one needs to know the genesis of the
ISCSM. It was at Ronneby, Sweden, the home for the 1983 IGO (International
Glycoconjugate Organization) Meeting, where a handful of glycobiologists,
Dr. Sailen Mookerjee (Canada), Dr. Michell Monsigny (France),
Dr. Debkumar Basu (India), Dr. Guido Tettamanti (Italy), Dr. Sandro Sonnino
(Italy), Dr. Herbert Wiegandt (Germany), Dr. Hans Vliegenthart (the
Netherlands), Dr. Lars Svennerholm (Sweden), Dr. Subhash C. Basu (USA),
Dr. Manju Basu (USA), Dr. Yu-T. Li (USA), Dr. Su-C. Li (USA), and Dr. Saul
Roseman (USA), conceived the idea to hold an international meeting on “cell
surface macromolecules.” The first meeting of the ISCSM was held in New
Delhi, India, in 1987. Late Professor Dr. Bimal K. Bachhawat served as a chair
of the meeting, and it was supported by an actively engaged executive commit-
tee. The next three meetings (in 1990, 1993, and 1996) were also held in New
Delhi, India. Since 1999, the ISCSM meetings are being held in different cities
in India. Dr. Avadhesha Surolia, Dr. Chitra Mandal, Dr. Amitabha
Chattopadhyay, Dr. Perumana Sudhakaran, and Dr. Abhijit Chakrabarti served
as the organizers of these ISCSM meetings. Since the first meeting of the
ISCSM, this symposium series has provided a unique platform to discuss and
present some of the prominent advances made in the area of research on cell
surface macromolecules.

Cell membrane plays one of the most critical roles in the functioning of the
cellular life forms. By acting as a semipermeability barrier, it
compartmentalizes the cellular system from the extracellular environment,
while, at the same time, it allows regulated exchange of materials and critical
biological information in and out of the cells. Phospholipid bilayer architec-
ture acts as the central scaffold of the cellular plasma membranes. In addition
to this core structure, plasma membranes are decorated with a wide array of
cell surface macromolecules, like lipids, proteins, glycolipids, and
glycoproteins, which act to impart specialized biological functions. Dispro-
portionate distribution of such membrane constituents contributes to the loss
of membrane integrity and the disrupted membrane function. Integrity of the
cell surface architecture is critical to maintain efficient and optimal intercellu-
lar and cell-to-matrix interactions, thus playing a crucial role in diverse
biological functions that include cell survival and homeostasis, apoptosis,
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differentiation, embryonic development, and growth. Accordingly, alteration
of the cell membrane/surface and cell surface molecules may lead to diverse
pathological conditions. Vast array of cell surface molecules are now known
to take part in the cellular processes. Some of the prominent examples include
members of the cholesterol family (including steroid hormones), the glyco-
lipid family (sphingolipids), the glycoprotein family (both N-linked and
O-linked), and the cell surface protein receptors (like G protein-coupled
receptors). Elucidating the structure-function relationship of these cell surface
molecules is crucial to understand their roles in the context of the physiologi-
cal and pathophysiological conditions. Study of the cell surface molecules is
challenging owing to their distinct physicochemical properties that equip them
to prefer amphipathic membrane environment, rather than the typical aqueous
environment. Biochemical, biophysical, cell biology, molecular biology, and
computational techniques are routinely used to study the cell surface
molecules and their functionalities. In addition, the advent of the new
techniques involving crystallography-based structure determination of the
membrane proteins, as well as cryo-electron microscopy-based structure
determination of the macromolecular complexes, has opened new avenues
to extract high-resolution structural information regarding the membrane
proteins and the cell surface receptors.

The 11th ISCSM was held in Mohali, India, during February 2017. This
volume titled Biochemical and Biophysical Roles of Cell Surface Molecules
presents contributions from this symposium, covering current topics on the
multiple facets of the functional implications of the cell membranes, mem-
brane components, and other cell surface molecules. The volume is organized
into six subsections representing some of the prominent topics related to the
studies on cell surface and cell surface macromolecules. All the contributed
chapters are either comprehensive critical reviews, overviews, or original
research articles on the biochemical and biophysical roles of some of the
important cell surface molecules that play essential functions in the biological
processes. These include contributions on biochemical and biophysical
aspects of the membrane components and cell surface molecules (membrane
lipids, membrane proteins like GPCRs, and the membrane-associated
glycome that includes glycoproteins, glycolipids, and proteoglycans) and
their implications for the gene regulations, and other cell biological functions
such as apoptosis, cancer homeostasis, immune and neuronal responses, pore
formation on the membranes. Overall, this volume aims to provide an in-depth
description of our present understanding, current trends, and future
perspectives in the field of cell surface biology.

We express our sincere thanks and gratitude to all the authors for their
valuable contributions. We would like to thank all the reviewers for their
critical evaluation of the manuscripts. We would also like to express our
sincere gratitude to Springer Book Editorial Office, Ms. Madhurima Kahali,
and Mr. Daniel Jagadisan for their support in publishing this volume in the
Advances in Experimental Medicine and Biology series.

Mohali, India Kausik Chattopadhyay
Notre Dame, IN, USA Subhash C. Basu
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Status of Membrane Asymmetry
in Erythrocytes: Role of Spectrin 1
Sauvik Sarkar, Dipayan Bose, Rajendra P. Giri,
Mrinmay K. Mukhopadhyay, and Abhijit Chakrabarti

Abstract

Spectrin-based proteinaceous membrane skel-
etal network has been found to be implicated
in membrane disorders like hereditary
spherocytosis (HS). HS greatly affects
eryptosis via loss of membrane asymmetry
which is seen to be the case in haemoglobin
disorders like thalassemia and sickle cell dis-
ease as well. The biological implications of the
status of membrane asymmetry are strongly
correlated to spectrin interactions with
aminophospholipids, e.g. PE and
PS. Fluorescence and X-ray reflectivity
(XRR) measurements of spectrin interactions
with small unilamellar vesicles (SUVs) and
cushioned bilayers of phospholipids, respec-
tively, were studied. Both the XRR and fluo-
rescence measurements led to the
characterization of spectrin orientation on the
surface of lipid bilayer of phosphatidylcholine
(PC) and PC/aminophospholipid mixed mem-
brane systems showing formation of a uniform
layer of spectrin on top of the mixed phospho-
lipid bilayer. Fluorescence studies show that
spectrin interacts with PC and

phosphatidylethanolamine (PE)/phosphati-
dylserine (PS) membranes with binding disso-
ciation constants (Kd) in the nanomolar range
indicating the role of spectrin in the mainte-
nance of the overall membrane asymmetry of
erythrocytes.

Keywords

Spectrin · Membrane asymmetry · Lipid-
protein interaction · Membrane skeleton

Abbreviations

DM Dimyristoyl
HE Hereditary elliptocytosis
HS Hereditary spherocytosis
PC Phosphatidylcholine
PE Phosphatidylethanolamine
PG Phosphoglycerate
PI Phosphatidylinositol
PS Phosphatidylserine
SUV Small unilamellar vesicles

1.1 Introduction

The asymmetric distribution of lipids across the
inner and outer leaflets of the plasma membrane
and the presence of lipid rafts are crucial to the
functioning of proteins that are embedded in the
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membrane or bound to it (Alessandrini and Facci
2011; Fadeel and Xue 2009). This lipid asymme-
try is a key factor in the role of the plasma mem-
brane in various physiological functions such as
cell signalling, transport processes, cell–cell
interactions, cellular adhesion, etc. However, the
mechanical properties of cell membranes arise
from the dense proteinaceous meshwork – the
membrane skeleton – that remains bound to the
cytosolic surface of the inner leaflet rather than
the lipid composition of the membrane (Grzybek
et al. 2006; Mitra et al. 2015).

Evolutionary complexity, i.e. integration into
multicellular tissues and organs, and motility give
rise to significant mechanical stress on a cell and
as such membrane skeletons which help in
maintaining the shape and integrity of the mem-
brane become indispensable (Machnicka et al.
2014). The main protein component of this skele-
tal network is spectrin which forms the meshwork
through interactions with other membrane skele-
tal proteins and direct interactions to the phospho-
lipid bilayer.

Spectrin was first isolated from red blood cells
by Marchesi and Steers in 1968 (Grzybek et al.
2006). Later on it was discovered in
non-erythroid cells as well. It is a ~100 nm long,
filamentous, wormlike, flexible protein, made up
of 2 subunits – α (280 kDa) and β (247 kDa). The
subunits are antiparallelly arranged to form the
heterodimer. Individual spectrin subunits are
mostly made up of repeating domains called
‘spectrin repeat’ domains – each such domain is
typically a 106-amino acid-long triple-helical
coiled-coil motif. α-Spectrin contains 22 such
repeats, and β-spectrin contains 17 of these
domains. Other than these domains, spectrin
contains some specialized structural domains,
viz. SH3 domain, actin-binding domain,
ankyrin-binding domain, calponin homology
(CH) domain, pleckstrin homology
(PH) domain, etc.

Even before the discovery of ankyrin and other
membrane skeletal proteins, spectrin has been
known to interact with lipids (Sweet and Zull
1970; Juliano et al. 1971). Spectrin interaction
with various phospholipids has been studied in
great detail by various methods such as measure-
ment of surface pressure of lipid mono- and

bilayers, fluorescence-based studies, measuring
enthalpy change to study phase transition, etc.
Experiments on phospholipid interaction of
spectrin using liposomes of defined compositions
led to the discovery that spectrin interacts with
many different lipids like phosphatidylcholine
(PC), phosphatidylserine (PS), phosphatidyletha-
nolamine (PE) and phosphatidylinositol (PI).
Studies with anionic phospholipids like PS
showed that spectrin binding causes enthalpic
changes associated with a change in phase transi-
tion temperature of these lipid bilayers and more-
over, this interaction was found to be governed by
pH, the optima being at pH 5.5 (Mombers et al.
1980; Grzybek et al. 2006). Specificity of spectrin
subunits for phospholipids has been shown in
favour of the β-spectrin over α-subunit (Grzybek
et al. 2006).

Spectrin-lipid interaction has been studied by
using natural membranes as well. To ascertain
whether spectrin directly interacts with
phospholipids or through protein receptors, natu-
ral membranes were treated with NaOH and
proteases so as to deplete the natural membranes
from proteinaceous receptors. Spectrin was found
to interact with these NaOH and protease-treated
natural membranes with Kd values in nanomolar
range suggesting direct spectrin-lipid interaction
(Diakowski et al. 2003).

Recently spectrin was shown to be present in
detergent-resistant-membrane (DRM) fragments.
These DRM fragments are rich in cholesterol and
glycosphingolipids and are treated as
representatives of lipid rafts from cell
membranes. Though the mechanism of spectrin
attachment to these membrane components is not
clearly understood, the probability of attachment
through direct spectrin-lipid interaction cannot be
excluded (Nebl et al. 2002; Machnicka et al.
2014).

In general the phospholipid-binding ability of
spectrin has been attributed to its repeat motifs
over the decades (DeWolf et al. 1997). But in
recent years, the existence of specialized lipid-
binding domains has been discovered in spectrin.
They include pleckstrin homology (PH) domain
with high specificity for phosphatidylinositol-
bisphosphate (PIP2) (Hyvonen et al. 1995; Saraste
and Hyvonen 1995) and other structural elements
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specific for PS and PE. PE binding is shown to be
mediated by the ankyrin-binding domain, located
at the N-terminal part of β-spectrin (Kennedy
et al. 1991). Conformational changes are induced
in the 14th repeat of β-spectrin at the ankyrin-
binding domain upon binding of PE (Machnicka
et al. 2014).

Although spectrin-lipid interaction has been
studied in great detail, the direct physiological
relevance of such an interaction is poorly under-
stood (Machnicka et al. 2014). Spectrin-based
skeleton gives mechanical strength to the plasma
membrane, acts as a scaffold for activation and
normal functioning of different receptors and
stabilizes membrane microdomains or raft-like
domains. The mechanisms of these functions
attributed to spectrin-lipid interaction are not
clearly understood. However, apart from these
functions, spectrin-lipid binding can be strongly
correlated to the maintenance of lipid asymmetry
in biological membranes. It has been observed
that in hereditary red blood cell disorders like
hereditary spherocytosis (HS) and hereditary
elliptocytosis (HE), spectrin is mutated and loses
its membrane-binding ability, and concurrently
membrane asymmetry is lost (Gallagher 2005;
Basu et al. 2010; Basu and Chakrabarti 2015).
In HS, vertical linkage between membrane skele-
ton and lipid bilayer is lost, thereby leading to
membrane loss by blebbing. This loss of lipid is
correlated with the decrease in the membrane
surface area, and erythrocyte deformability is
also compromised. HE characterized by the pres-
ence of elliptically shaped RBCs in the peripheral
blood smear is also associated with mutations in
α- and β-spectrin. In haemoglobin disorders like
thalassemia and sickle cell disease also, eryptosis
is greatly increased through the loss of membrane
asymmetry (Datta et al. 2006; Chakrabarti et al.
2008).

We have summarized our results on spectrin-
lipid interactions with small unilamellar vesicles
and cushioned bilayers of different phospholipid
compositions using fluorescence spectroscopy
and X-ray reflectivity (XRR) techniques and
report our findings leading to a clearer picture
on the molecular association of the spectrin-
based membrane skeleton with the inner leaflet

of the cell surface membrane shown in a cartoon
diagram at the end.

1.2 Methods

1.2.1 Fluorescence Measurements
of Spectrin-Phospholipid SUV
Interactions

Small unilamellar vesicles of different phospho-
lipid compositions were prepared by sonicating
hydrated lipid films formed by dissolving appro-
priate amount of lipids in 2:1 chloroform: metha-
nol followed by the evaporation of solvent under
thin stream of nitrogen and overnight drying in
vacuum desiccators. This method produces small
unilamellar vesicles in the size range of
300–450 Å as seen by electron micrography
(Ray and Chakrabarti 2004). Tryptophan fluores-
cence quenching of erythroid spectrin was studied
by the successive addition of small aliquots of
lipid SUVs. The excitation wavelength was
295 nm, and emission spectrum was recorded
from 310 nm to 400 nm. Excitation and emission
slits both were 5 nm. Baseline subtractions were
done by adding identical aliquots of lipids to the
buffer. Binding parameters (binding dissociation
constant, Kd; maximum extent of quenching,
Qmax and the ratio of the number of dimeric
spectrin molecules per single SUV particle,
spectrin/SUV) of spectrin-phospholipid
interactions were estimated following published
procedures (Ray and Chakrabarti 2004; Mitra
et al. 2015).

1.2.2 Polymer-Cushioned Lipid
Bilayer Deposition and X-ray
Reflectivity Measurement

The silicon wafers with one side polished were
treated with a UV/O3 cleaner prior to the film
deposition to make them hydrophilic. Freshly
cleaned silicon wafers were immersed in a 2%
(v/v) toluene solution of (3-Aminopropyl)
triethoxysilane (APTES) for 15 min and dried
under nitrogen flow. Next, a methanol solution

1 Status of Membrane Asymmetry in Erythrocytes: Role of Spectrin 5



of polyacrylic acid (PAA) was spin coated on top
of the APTES layer. Samples were baked in each
step to gain better stability. Further description of
the substrate preparation for the polymer deposi-
tion has been elaborated earlier (El-khouri et al.
2011). Polymer-cushioned silicon wafers were
then used further for the deposition of DMPC
bilayer at constant surface pressure of 30 mN/m
from the Langmuir monolayer. The first layer was
deposited using the Langmuir-Blodgett
(LB) technique, and the next layer was deposited
from the same monolayer using Langmuir-
Schaefer (LS) method, and finally the deposited
bilayer sample was immersed gently inside the
water subphase. Afterwards, the sample was
transferred into a specially designed water cell
which was used for the X-ray reflectivity mea-
surement from the cushioned bilayer. Proteins are
added to the subphase from a hole atop the cell.

The XRR measurement was carried out using
the X-ray synchrotron source at the Indian
beamline at Photon Factory, KEK, Japan, at an
X-ray wavelength of 0.854 Å. A highly
collimated beam was allowed to illuminate the
sample, and the specular beam reflected from
the sample was collected as a function of the
wave vector transfer (qz ¼ 4πSin θ/λ). The XRR
measurement was performed in the presence of
spectrin in the subphase at a temperature of 30 �C
which corresponds to the bilayer fluid phase. The
obtained profile was normalized with respect to
the highest intensity and plotted as a function of
qz. We have used Parratt’s formalism (Parratt
1954; Basu and Sanyal 2002) to fit the experi-
mentally obtained profile by assuming the sim-
plest model of the film structure and dividing the
film into a number of fine slices having sufficient
electron density. They were contrasted along the
film depth to obtain the electron density profile
(EDPs) and was further analyzed to gain insight
into the structure of the film (Giri et al. 2017).

1.3 Results and Discussions

The binding parameters of spectrin interaction
with phospholipid SUVs of different
compositions have been extensively studied and
reported from our lab, as summarized in Table 1.1

(Ray and Chakrabarti 2004; Mitra et al. 2015),
using lipid-induced quenching of spectrin fluores-
cence. Spectrin has been shown to laminate
DMPC/DMPE bilayer in a PE surface density-
dependent manner. Increasing DMPE content up
to 80% in DMPC bilayer leads to spectrin lami-
nation of the bilayer surface with an increasing Kd

value below the phase transition temperature,
i.e. in gel phase. However, in the case of pure
DMPE vesicles, appreciably lower extent of
quenching of tryptophan fluorescence, much
stronger binding affinity and a large number of
spectrin dimers bound to lipid vesicles were seen.
Electron microscopy revealed spectrin dimers
sticking out from pure DMPE vesicles indicating
that spectrin interacts with DMPE through one of
its ends (Ray and Chakrabarti 2004). In addition,
it is also now well established that in the presence
of up to 20% cholesterol in DMPC/DMPE bilayer
in the gel phase at 15 �C (Table 1.1), spectrin
interacts much strongly due to the coexistence of
both the gel and fluid phases (induction of lo
phase) (Mitra et al. 2015).

One of the remarkable features of spectrin
structure is that tryptophan (Trp) residues are
positionally conserved in the spectrin repeat
domains. Trp residues are present at the 45th
position in 20 spectrin repeat domains out of
22 in α-spectrin and in of all the 17 repeats of
β-spectrin. Altogether there are 42 Trps in
α-subunit and 35 in β-subunit. The tryptophan
residues present in the spectrin repeat domains
represent almost 90% of the total Trps present in
spectrin heterodimer. This kind of regular
arrangement of Trp residues in each repeat motif
of spectrin makes it a convenient intrinsic fluores-
cence reporter to study different functions includ-
ing phospholipid-binding ability (Ray and
Chakrabarti 2004). The maximum extent of
quenching, Qmax, thus could be directly correlated
with the membrane orientation of dimeric spectrin
in the phospholipid bilayer. The association of
lesser number of spectrin molecules with one
SUV along with increasing Qmax indicated larger
portions of the threadlike spectrin to wrap around
the phospholipid vesicles laminating the mem-
brane surface with multiple points of contacts
indicated by the Trp residues uniformly
distributed across the entire length of the
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molecule in each of the repeat domains. This is
best reflected in the membrane systems
containing increasing amounts of aminopho-
spholipid, in DMPC/DMPE membranes
(Table 1.1).

We’ve also adopted a newer way of studying
spectrin-phospholipid interactions through X-ray
reflectivity measurements. The obtained experi-
mental XRR profile along with the model fitting
from the polymer-cushioned DMPC bilayer in
presence of spectrin has been shown in Fig. 1.1.
The roughness convoluted electron density pro-
file (EDP) extracted from the fitting along with
the box EDP has also been shown in the inset
indicating similar orientation of spectrin
molecules consistent with fluorescence
experiments. The cartoon diagram in the inset of
Fig. 1.1 depicts the molecular arrangement in the
film. From the EDP, a thin spectrin layer in addi-
tion to a smeared DMPC bilayer of total thickness
~6.2 nm is evident. In addition, a polymer layer of
thickness ~20.5 nm, a self-assembled APTES-
PAA junction, an APTES layer and a thin SiOx

layers have also been observed.
The electron density of the bulk polymer is

nearly similar to that of water, while the averaged
electron density of the bilayer region has been
observed to be slightly lesser than that. From the
analysis of the experimental reflectivity profile
and also from the lower amplitude in the Kiessig
oscillations, it is clear that the film possesses

higher surface and interface roughness at the
top. That might be due to the lower electron
density observed near the top surface of the
polymer-brush region that resulted in a larger
surface roughness at the lipid bilayer–polymer
film interface. The previous report shows that
the growth of the Langmuir-Blodgett films are
conformal to the surface topology of the under-
neath substrate (Basu and Sanyal 2002). Thus, the
roughness of the lipid bilayer–polymer-film inter-
face is expected to propagate into the bilayer film
causing a relatively poor electron density in the
bilayer region. The quantitative comparison
shows that the averaged electron density in the
polymer film is ~0.33 eǺ�3, while that of the
spectrin-added lipid bilayer is ~0.31 eǺ�3.

The currently accepted model of the RBC
membrane skeleton was described by Salomao
et al. in 2008. The model states that spectrin
meshwork is attached to the cell membrane with
the help of two multiprotein complexes, the
Band3-ankyrin-based complex and the Band3-
4.1R-GPC-actin-based complex. The Band3
complex attaches to the spectrin-based membrane
skeleton near the dimerization domain of spectrin
with the help of ankyrin. The second Band3-
4.1R-GPC-actin complex attaches to the spectrin
at the tetramerization domain. According to this
model, the spectrin-based membrane skeleton
attachment to the membrane lipid bilayer is
shown to be mediated only with the help of

Table 1.1 Binding parameters associated with spectrin-PC/PE interactions at 50 �C above the main phase transition
temperature (Tm)

Membrane systems Kd (nM)
Qmax

(%)
Spectrin/
SUV Reference

DMPC (100%) 45 � 7 43.7 7 Ray and Chakrabarti
(2004)DMPC:DMPE (60:40) 158 � 20 81.4 3

DMPC:DMPE (50:50) 209 � 20 99.7 2
DMPC:DMPE (20:80) 174 � 10 61.3 2
DMPE (100%) 2.6 � 0.7 16.1 126
DMPC:DMPE (75:25) 94 � 10

(196 � 27)
35.1 6 Mitra et al. (2015)

DMPC:DMPE (75:25) + 20%
cholesterol

74 � 15 (18 � 5) 32.3 5

DOPC (100%) 113 � 21 58.2 4
DOPC:DOPE (75:25) 42 � 6 35.7 4
DMPC:DMPS (90:10) 116 � 10 21.8 4 Unpublished data

Error estimates are the standard error of mean obtained from 5 to 8 independent experiments.
Values in parenthesis are at 15 �C below Tm
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these two multiprotein complexes, and the pres-
ence of direct interaction of spectrin and other
skeletal proteins are completely ignored. How-
ever, it is well established that spectrin can
directly interact with the phospholipid bilayer.
In addition to spectrin-lipid interactions, other
membrane skeletal proteins like 4.1R, actin,
ankyrin, p55 or MPP1 also interact with different
phospholipids.

Protein 4.1R is one of the important
components of the erythroid membrane skeleton
and is responsible for the organization of skeletal
and transmembrane components at the junctional
complexes. Experiments from various labs proves
that protein 4.1 R, purified from erythrocytes,
interacts with phospholipid vesicles especially to
those containing phosphatidylserine, in pH and
ionic strength-dependent manner. Treatment of
erythrocyte inside-out vesicles with PS
decarboxylases abolishes the binding, indicating
its preferential binding to phosphatidylserine. In
addition, this binding can be inhibited by Ca+2

ions. Studies with lipid monolayers showed that
4.1R can penetrate the lipid monolayers com-
posed of PC and PS, whereas it can cause perme-
ability changes in PS-containing vesicles but not
in PC vesicles (An et al. 2001, 2006; Salomao
et al. 2008; Gauthier et al. 2011).

Ankyrin is another well-known peripheral
membrane protein found in cells. It is one of the
essential members of the multiprotein complexes
of membrane skeleton. Although its various
functions have been studied in great detail, the
membrane lipid-binding ability of ankyrin has not
been studied substantially. Only a few reports
show that it can bind to hydrophobic ligands as
well as to different phospholipids, but the affinity
of ankyrin-lipid interaction is much less than that
of spectrin-phospholipid interaction (Sikorski
et al. 2000).

Actin, a major contributor to the mechanical
resilience of the plasma membrane, is present in
junctional complexes along with spectrin, and
both the forms of actin, F- and G-actin, can bind
to uncharged as well as charged lipid vesicles.
Experiments on lipid-binding ability of actin
show that it interacts with PS and phosphoglycer-
ate (PG) vesicles through electrostatic
interactions in the presence of divalent cations in
mM range. The cation-driven actin alignment on
the membrane bilayer has also been shown to
change membrane microviscosity and permeabil-
ity of the bilayer. Actin can also interact with
DMPC membrane, and this interaction depends
on the length of the actin filament. G- and F-actin
have also been shown to bind actin-depleted liver

Fig. 1.1 Experimental
XRR profile along with the
fitted profile obtained from
the polymer-cushioned
DMPC bilayer deposited at
30 mN/m of surface
pressure and at 30 �C of
subphase temperature in the
presence of spectrin. Inset
shows the extracted
electron density profile
(EDP), and the cartoon
represents the
corresponding molecular
arrangement in the film
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membrane. All these results indicate that actin can
interact with the membrane bilayer in a divalent
cation-dependent manner (Gicquaud 1993;
Gicquaud and Wong 1994; Takenawa and Itoh
2001; Liu and Fletcher 2006).

MPP1 or p55, another major component of the
membrane skeleton, has been implicated in the
regulation of physicochemical behaviours of
bilayer. It modulates the physicochemical
properties of cytoskeleton-depleted giant plasma
membrane vesicles (GPMV). It has been reported
that p55 modulates the fluidity and induces phase
separation in the bilayer. It is known to promote
the stabilization of lo domain in a palmitoylation-
dependent manner. Upon palmitoylation, the
membrane skeleton binding property of p55
decreases, and then it binds to the preformed raft
components, thereby stabilizing the membrane
microdomains. Later on Listowski and coworkers
showed that it interacts with cholesterol through
CRAC and CRAC-like motifs on its surface in a
palmitoylation-independent manner with binding
dissociation constants in the μM to nM range
(Edidin 2006; Lach et al. 2012; Biernatowska

et al. 2013; Listowski et al. 2015; Podkalicka
et al. 2015).

1.4 Conclusion

Taken everything together, it becomes clear that
spectrin and other membrane skeletal proteins
have moderately strong ability to interact with
phospholipids and aminophospholipids in partic-
ular. It is also clear that the phospholipid
interactions are sensitive to phase transition tem-
perature, surface densities of the lipids and the
presence of other modulatory lipids such as cho-
lesterol. On the basis of the available data, we
propose a newer model of the erythrocyte mem-
brane skeleton that not only appreciates the role
of the two multiprotein complexes but also
emphasizes on the direct phospholipid
interactions of the membrane skeletal proteins,
particularly spectrin, for the stabilization and nor-
mal functioning of the membrane and in the main-
tenance of the overall membrane asymmetry, as
shown in Fig. 1.2.

Fig. 1.2 Proposed model of erythrocyte membrane skeleton acknowledging the direct lipid interactions of the compo-
nent proteins
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Multiple Roles, Multiple Adaptors:
Dynein During Cell Cycle 2
Devashish Dwivedi and Mahak Sharma

Abstract

Dynein is an essential protein complex present
in most eukaryotes that regulate biological
processes ranging from ciliary beating, intra-
cellular transport, to cell division. Elucidating
the detailed mechanism of dynein function has
been a challenging task owing to its large
molecular weight and high complexity of the
motor. With the advent of technologies in the
last two decades, studies have uncovered a
wealth of information about the structural, bio-
chemical, and cell biological roles of this
motor protein. Cytoplasmic dynein associates
with dynactin through adaptor proteins to
mediate retrograde transport of vesicles,
mRNA, proteins, and organelles on the micro-
tubule tracts. In a mitotic cell, dynein has
multiple localizations, such as at the nuclear
envelope, kinetochores, mitotic spindle and
spindle poles, and cell cortex. In line with
this, dynein regulates multiple events during
the cell cycle, such as centrosome separation,
nuclear envelope breakdown, spindle assem-
bly checkpoint inactivation, chromosome seg-
regation, and spindle positioning. Here, we
provide an overview of dynein structure and

function with focus on the roles played by this
motor during different stages of the cell cycle.
Further, we review in detail the role of
dynactin and dynein adaptors that regulate
both recruitment and activity of dynein during
the cell cycle.

Keywords

Dynein · Dynactin · Adaptor · Kinetochore ·
Hook2 · Cell cycle · Mitotic spindle

2.1 Introduction to Dynein Motor

Dynein (derived from the Greek word dynemean-
ing “force”) was originally identified as an
ATPase required for axoneme motility in the cili-
ated protozoan Tetrahymena pyriformis (Gibbons
and Rowe 1965). Cytoplasmic dynein was dis-
covered years later by Paschal and co-workers in
1987 and was described as a microtubule-
associated ATPase related to the ciliary dynein,
producing force in direction opposite to the
known motor protein, kinesin (Paschal et al.
1987; Paschal and Vallee 1987). Notably until
the late twentieth century, little was known
about this microtubule-based retrograde motor
protein, owing to its large molecular weight and
high complexity of the motor. Three different
forms of dynein are known today. Cytoplasmic
dynein 1 performs retrograde transport of
proteins, mRNA, vesicles, and organelles in
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interphase and mitotic cells; cytoplasmic dynein
2 is required for transport inside the cilia; and
14 different axonemal dyneins perform move-
ment of the cilia (Yagi 2009). Dynein regulates
several physiological processes including ciliary
motion, vesicular transport, spatiotemporal distri-
bution of organelles, cell division, etc.

Dynein differs greatly from the kinesin motor
proteins in its structure and function although
both the motors are fueled by the energy derived
from ATP hydrolysis. While kinesins are struc-
turally similar to the G-proteins, the catalytic
subunit of dynein belongs to the AAA+ ATPase
superfamily (Neuwald et al. 1999; Vale and
Milligan 2000). Unlike kinesin motors that
move in head-over-head manner in anterograde
direction with a step size of 8 nm, dynein takes
the 8.3-nm-long uncoordinated steps with its two
heads moving independent of each other in the
retrograde direction (DeWitt et al. 2012; Mallik
et al. 2004; Rank and Rayment 2013). While
carrying a cargo a single molecule of kinesin
produces a force of 6 pN, on the other hand, a
single molecule of dynein produces a force of
only 1 pN (DeWitt et al. 2012; Mallik et al.
2004; Visscher et al. 1999). A number of studies
suggest that kinesins coordinate among each
other to regulate cargo motility but do not show
productive cooperation, i.e., presence of multiple
kinesin(s) on the same cargo does not generate
larger force (Jamison et al. 2010, 2012; Rank and
Rayment 2013). On the contrary, dynein shows
extensive productive cooperation, and the pres-
ence of multiple dynein molecules on a cargo
results in higher force generation and long-range
robust transport (Belyy et al. 2016; Rai et al.
2013; Torisawa et al. 2014; Vallee et al. 2012).

2.2 Structure of Dynein

The dynein heavy chain (DHC), which is the larg-
est subunit (500 kDa) of this complex, contains
two functional moieties, i.e., tail and the motor
regions (Fig. 2.1a). The tail region of DHC is
required for its dimerization and binding to other
subunits, including dynein intermediate chain
(DIC), light intermediate chain (LIC), and multiple

light chains (LC) that link the motor to different
cargos. DIC interacts with multiple dynein
regulators like dynactin and NudE/Nde1
(McKenney et al. 2011; Nyarko et al. 2012;
Schliwa and Woehlke 2003; Wang et al. 2013).
The motor region of the DHC contains six AAA+
ATPase domains (named as AAA1–6) that are
arranged in a series. AAA1 domain is the major
site for ATP hydrolysis which makes it the mini-
mal region required for motility (Kon et al. 2004).
Notably, AAA2 domain lacks the key residues
required for ATP hydrolysis, while AAA3 and
AAA4 domains retain ATP hydrolysis activity.
Mutations preventing ATP binding or hydrolysis
in AAA3 domain severely impact dynein motility
as compared to AAA4, indicating nucleotide bind-
ing and hydrolysis by AAA3 domain play a more
crucial role as compared to AAA4 (Cho et al.
2008; DeWitt et al. 2014; Kon et al. 2004).
Although the rate of ATP hydrolysis by AAA3
domain is one magnitude lower than AAA1
domain, binding of AAA3 domain to ATP is
required for robust retrograde transport (DeWitt
et al. 2014). Interestingly, several studies indicate
that every step of dynein costs only one molecule
of ATP, suggesting that AAA3 and AAA4
domains do not hydrolyze ATP at each step
(DeWitt et al. 2014; Mallik et al. 2004; Reck-
Peterson et al. 2006; Toba et al. 2006). Lastly,
AAA5 and AAA6 domains function to transmit
conformational changes through AAA+ ring
instead of enabling ATP hydrolysis (Schmidt
et al. 2015). The motor region of DHC also
contains a microtubule-binding domain (MTBD),
a small α-helical region present at the end of
AAA4 domain. MTBD binds to the cleft between
α- and β-tubulin monomers and regulates the
microtubule association of dynein (Carter et al.
2008, 2011; Gee et al. 1997; Redwine et al.
2012). AAA4 and AAA5 domain extensions
termed as stalk and buttress, respectively, allosteri-
cally coordinate the ATP binding of AAA1 and
microtubule association of the MTBD (Carter et al.
2008; Gibbons et al. 2005; Kon et al. 2009;
Schmidt et al. 2015) (Fig. 2.1a). At the
N-terminal end of AAA+ ring, a linker region
comprising of four α-helical segments regulates
the AAA1-triggered dynein motility by alternating
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between bent (pre-power stroke) and straight
(power stroke) confirmations (Kon et al. 2009;
Roberts et al. 2012; Schmidt et al. 2012, 2015)
(Fig. 2.1b).The C-terminal region after the AAA6
domain contacts the AAA5 and AAA6 domains on
the side opposite to the linker region (Carter et al.
2011; Roberts et al. 2009). However, its functional
role is debatable as this region is reduced to a small
α-helix in S. cerevisiae, while its removal in
D. discoideum dynein reduces its in vitro motility
(Carter et al. 2011; Numata et al. 2011; Schmidt
et al. 2012, 2015). In contrast, a similar truncation
in mammalian dynein results in generation of a
greater force by the motor (Nicholas et al. 2015).
The C-terminal region appears to regulate the force
produced by dynein; however, its actual role is
poorly understood and requires further investiga-
tion. A key aspect of understanding the dynein

function is the repeated ATP hydrolysis by AAA
+ domain that results in a cycle of multiple confor-
mational changes within the DHC motor domain
as revealed by biophysical and structural studies
(Bhabha et al. 2014; Carter et al. 2011; DeWitt
et al. 2012, 2014; Kon et al. 2012; Roberts et al.
2012; Schmidt et al. 2012, 2015). These changes
result in cyclic oscillations in the state from bent to
straight of the N-terminal linker region, leading to
dynein motility (Fig. 2.1b) (Roberts et al. 2013).

2.3 Structure and Function
of Dynactin

Pioneering studies on purification of dynein
reported a set of polypeptides consistently
co-purifying with dynein which was later found

Fig. 2.1 Mechanochemical cycle of dynein motor pro-
tein. (a) 3D model depicting dynein heavy chain bound to
tubulin monomer (other dynein subunits are not shown for
simplicity). The six AAA+ ATPase domains are numbered
accordingly. Subdomains are shown in surface representa-
tion. (b) Model showing mechanochemical cycle of
dynein. Plus and minus signs indicate microtubule polar-
ity. Dynein moves toward the minus end of the
microtubules. Stretching of the spring is shown to indicate
force production. Hydrolysis of ATP at AAA1 domain
results in dissociation of dynein’s MTBD from
microtubules (1) resulting in change in conformation of

linker from bent to straight (2). This extends the range of
MTBD to bind a new site along the microtubules (3) and is
coupled with ATP hydrolysis at AAA1 domain. Post ATP
hydrolysis, MTBD of dynein associates with a new site on
the microtubules, and this association is strengthened by
the release of the inorganic phosphate (4), restoring back
original conformation of the linker region. Finally, release
of ADP from the AAA1 domain restarts the mechano-
chemical cycle of dynein (5). This figure is adapted and
modified from Roberts et al. (2013) and has been
reproduced with permission from Springer Nature
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to constitute another multisubunit complex,
dynactin (Collins and Vallee 1989; Karki and
Holzbaur 1995). Dynactin was originally
described as a cofactor activating the dynein-
mediated vesicle motility (Gill et al. 1991).
Subsequent studies have revealed that dynactin
links dynein to various cargos, activates dynein,
and strengthens its binding to microtubules (Lenz
et al. 2006; McKenney et al. 2014; Schroer 2004).
This is evident by the neurodegenerative genetic
disorders including hereditary motor neuropathy
and Perry syndrome whereby point mutations in
dynactin subunit-p150glued disrupt its microtubule
association, abrogating retrograde transport in
neurons (Farrer et al. 2009; Lipka et al. 2013;
Puls et al. 2003). Similar to dynein, vertebrate
dynactin is a large ~1.2 MDa multisubunit com-
plex comprising of 23 distinct polypeptides. In
agreement with previous studies, recent cryo-EM
data at near atomic resolution of dynactin bound
to dynein has revealed that dynactin comprises of
a thin long arm and a filament connected by a
“shoulder” complex (Chowdhury et al. 2015;
Imai et al. 2014; Urnavicius et al. 2015). p150
glued, the largest subunit of dynactin, dimerizes
and forms the thin arm with its coiled-coils
(CC1A, CC1B, and CC2) and CAP-GLY
domains present at the N-terminus of each mono-
mer. The shoulder complex containing
p50/dynamitin and p24 subunits link the other
end of the thin arm to the 40-nm-long filament
made up of concatenated Arp1 units followed by
β-actin and Arp11 subunits (Urnavicius et al.
2015). Arp11 subunit binds the capping proteins,
p25, p27, and p62, forming the pointed end, while
CapZα and CapZβ capping proteins form what is
known as the barbed end (Chowdhury et al. 2015;
Urnavicius et al. 2015). Subunits of the pointed
end complex (namely, p25 and p27) are involved
in tethering dynein to the cargo (Yeh et al. 2012;
Zhang et al. 2011). Pointed-end complex is absent
in S. cerevisiae, indicating the role of other
unknown proteins in regulating dynein recruit-
ment to cargo (Schroer 2004).

Recent structural insights into the
microtubule-bound dynein-dynactin complex
have revealed the stoichiometry of this complex
where a single molecule of dynactin acts as a

scaffold to recruit two dyneins on microtubules
for collective force production and faster motility
(Grotjahn et al. 2018; Urnavicius et al. 2018). In
vertebrates, this association is tightly regulated by
multiple adaptor proteins (McKenney et al.
2014). In vitro studies have shown that mamma-
lian dynein is non-processive and quickly falls of
the microtubule tracts in the absence of these
adaptors (McKenney et al. 2014; Schlager et al.
2014). Adaptor proteins form a stable ternary
complex linking dynein and dynactin and activate
dynein by changing the confirmation of p150glued

from an auto-inhibited state to a processive state
(Lee et al. 2018; McKenney et al. 2014; Olenick
et al. 2016; Schlager et al. 2014; Schroeder and
Vale 2016; Zhang et al. 2017). Multiple dynein
adaptors have been discovered that activate
dynein in vitro, providing possible hint to how a
single retrograde motor regulates a plethora of
biological processes (Redwine et al. 2017a).
However, the in vivo spatial and temporal signifi-
cance of these protein-protein interactions is yet
to be understood for many dynein-dynactin-adap-
tor tripartite complexes.

In this review, we focus on the role of cyto-
plasmic dynein 1 (hereafter referred as “dynein”)
during different stages of cell cycle with emphasis
on the role played by adaptor proteins in
regulating the dynein activity during cell division.

2.4 Role of Dynein in Regulating
Cell Cycle

Cell cycle is the series of events occurring in a
eukaryotic cell that ultimately result in its divi-
sion. In addition to routine metabolism, a cell
must replicate its contents, especially the genome,
to divide into two daughter cells. The complete
process of cell cycle consists of two phases: inter-
phase and mitotic (M)-phase. Interphase is the
longest stage of cell cycle constituting of two
gap phases (G1 and G2) separated by a S-phase
when the entire genome is replicated, while the
M-phase constitutes the steps involved in segre-
gation of genome and cytosol. To ensure proper
replication and segregation of genome, the cells
pass through different checkpoints. Errors during
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cell division are often associated with chromo-
some abnormality defects and cancer (Potapova
and Gorbsky 2017). Thus, all the steps in cell
cycle are under tight regulation. Different motor
proteins regulate these events by either of the
three ways: transport of mitotic cargos, cross
bridging and sliding microtubules relative to the
adjacent microtubules, and regulating microtu-
bule growth and shrinkage (Sharp et al. 2000b).
In light of the earlier studies, it is now well
appreciated that dynein plays a crucial role in
regulating different stages of the cell cycle and
this will be discussed later. Targeted by different
adaptors, dynein localizes to kinetochores,
centrosomes, cell cortex, nuclear envelope, and
spindle microtubules (Fig. 2.2), applying force for
the movement of nucleus, centrosomes,
chromosomes, and even the entire spindle
(Kardon and Vale 2009; Sharp et al. 2000a).

2.5 Dynein at the Nuclear Envelope

As the cell prepares to divide, one of the first
events regulated by dynein is separation of the
duplicated centrosomes during the late G2 phase
of the cell cycle (Gonczy et al. 1999; Robinson
et al. 1999). This process is also driven by a
kinesin, Eg5, which is the major force producer
in this process (Tanenbaum and Medema 2010).
In addition, dynein also tethers centrosomes to the
nuclear envelope (NE), and this NE-associated
dynein has been shown to mediate centrosome

separation during prophase, independent of the
Eg5 activity (Raaijmakers et al. 2012; van
Heesbeen et al. 2013). Dynein is recruited to the
nuclear pores by associating with its adaptor
bicaudal-D2 (BicD2) that tethers to the nuclear
pore via RAN binding protein 2 (RANBP2)
(Splinter et al. 2010). An additional mechanism
of dynein retention at the NE is by binding of
NudE/Nde1 to centromere protein F (CENP-F)
and possibly to the nuclear pore protein,
Nup133 (Bolhy et al. 2011). Previous studies
have shown that dynein homogenously localizes
to NE during the late G2 phase of the cell cycle
(Busson et al. 1998; Salina et al. 2002) that raises
the question of how a directional force on
centrosomes can be generated for their separation.
Studies in the one-cell C. elegans embryo have
revealed how dynein at the nuclear envelope and
at the cell cortex generates this directional force
for centrosome separation (De Simone and
Gonczy 2017; De Simone et al. 2016). Whereas
the initial centrosome position and steric
interactions between microtubules and centro-
some are required for anisotropic organization of
the nuclear dynein forces, dynein at the cell cortex
harnesses the directional actomyosin flow for
centrosome separation (De Simone and Gonczy
2017; De Simone et al. 2016). Future studies on
dynein localization at the NE by techniques
including single-molecule super-resolution
microscopy will shed light on how dynein
regulates centrosome separation. Another
ascribed role of dynein is to regulate nuclear

Fig. 2.2 Localization of dynein during different stages of
cell cycle. Asynchronous HeLa cells were fixed and
stained with anti-DIC antibody (red) to mark dynein, and
the nucleus was stained using DAPI (blue). Cells in differ-
ent stages of cell cycle were imaged in this experiment to
highlight dynein localization. Dynein localizes to

centrosome, nuclear envelope, and microtubules during
the interphase (a); kinetochores during prometaphase (b);
mitotic spindles during metaphase (c); weak staining at the
interpolar microtubules during anaphase (d); and cytoki-
netic bridge during telophase (e). Scale bars, 10 μm
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envelope breakdown (NEBD), as interfering with
dynein function impedes the NEBD (Salina et al.
2002). A plausible mechanism to explain these
observations might be generation of pulling
forces by the NE-associated dynein moving on
the centrosomal microtubule track, thereby tear-
ing the nuclear membrane (Tanenbaum et al.
2010). Indeed, recent studies have shown the
role of microtubules in mechanical shearing of
NE, resulting in nuclear envelope breakdown
(Beaudouin et al. 2002; Salina et al. 2002).

2.6 Dynein at Kinetochores

Microtubules attach to chromosomes on large
proteinaceous structures at the centromere termed
as “kinetochores (KT).”Dynein is recruited to KT
prior to their microtubule attachments, indicating
the role of dynein in capturing microtubules at
KT. Recruitment of dynein to KT occurs through
the Rod/Zwilch/ZW10 (RZZ) complex and the
dynein/dynactin adaptor, Spindly. The RZZ com-
plex and Spindly can also independently interact
with dynein and dynactin (Karess 2005; Starr
et al. 1998). In addition to dynein-dynactin
recruitment at KT, the RZZ complex also recruits
the mitotic checkpoint proteins Mad1 and Mad2
on KT to ensure proper microtubule-KT
attachments (Buffin et al. 2005; Kops et al.
2005). Recent studies have also shown the role
of two additional proteins, CENP-F and NudE/
Nde1/Lis1, in dynein recruitment to KT, as deple-
tion of these proteins impaired KT localization of
dynein (Stehman et al. 2007; Vergnolle and
Taylor 2007). However, more studies are needed
to elucidate whether CENP-F-NudE/Nde1/Lis1-
dependent dynein-dynactin recruitment requires
RZZ complex or it is an alternative pathway of
dynein recruitment to the KT. Dynactin is also
implicated in proper microtubule-KT attachments
by promoting recruitment of polo-like kinase-1
(Plk1) to KT, which recruits mitotic checkpoint
protein, Mad1, to KTs for checkpoint signaling
(Yeh et al. 2013). Disruption of dynein activity by
introducing loss-of-function mutations in DHC or
injecting antibodies against dynein or dynein
depletion has revealed defects in chromosome

alignment together with a delay in anaphase
onset in these cells (Raaijmakers et al. 2013;
Schmidt et al. 2005; Sharp et al. 2000a; Yang
et al. 2007). These studies suggest a crucial role
of dynein in chromosome alignment and segrega-
tion. However, a lack of these approaches in
targeting specific dynein population limits the
possibility of assigning these functions to any
specific pool of dynein.

Once all KTs are properly attached to the
mitotic spindle during metaphase, the SAC
needs to be inactivated to allow chromosome
segregation and initiate the onset of anaphase.
Although different groups have suggested multi-
ple roles of dynein at KT, the most evident func-
tion of KT-dynein appears to be silencing of the
spindle assemble checkpoint and promoting chro-
mosome segregation. Dynein, along with
dynactin and spindly, inactivates the SAC by
stripping the SAC components (Mad1, Mad2,
Bub1, BubR1) and outer KT components, such
as the RZZ complex, from KT and transporting
them to the spindle poles (Basto et al. 2004; Chan
et al. 2009; Gassmann et al. 2008). Depletion of
either dynactin, spindly, or RZZ complex results
in extremely long metaphase arrest and a severe
delay in mitotic exit (Raaijmakers et al. 2013).
The role of dynein at KT needs further explora-
tion wherein identifying mutations that specifi-
cally perturb dynein recruitment to KT will be a
useful tool to unravel the significance of this
localization.

2.7 Dynein on Spindles

During metaphase, three different populations of
microtubules exist: astral (microtubules between
centrosomes and cell cortex), K-fibers (microtu-
bule bundles between centrosomes and KT), and
polar microtubules (antiparallel microtubules
originating from opposite centrosomes). The for-
mation of a bipolar spindle is governed by sliding
of these antiparallel polar microtubules. Dynein,
along with the kinesin motor, Eg5, is the key
regulator of this microtubule sliding (Ferenz
et al. 2009; Kashina et al. 1996). It has been
proposed that dynein-dynactin interact with Eg5
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on spindles and transport the antagonistic motor
toward spindle poles. This dynein-mediated
transportation restricts the microtubule sliding
activity of Eg5 near the KT and the microtubule
cross-linking activity of Eg5 near the spindle
poles to regulate spindle length, orientation, and
focusing (Uteng et al. 2008). Dynein is also
implicated in spindle focusing at the two poles
as disruption of dynein has been linked to spindle
focusing defects (Goshima et al. 2005; Maiato
et al. 2004; Morales-Mulia and Scholey 2005;
Verde et al. 1991). The defects in spindle pole
focusing appear to be linked specifically to
dynein but not dynactin, as dynactin-depleted
cells had normally focused spindle at the poles
(Raaijmakers et al. 2013). Spindle positioning, a
key determinant of the position of cleavage fur-
row and consequently cell fate, is regulated by
pulling forces generated on astral microtubules by
cortical dynein (Gonczy 2008; Nguyen-Ngoc
et al. 2007; Schmidt et al. 2005). In yeast, dynein
anchor protein, Mcp5, binds to the cell
membranes and regulate cortical localization of
dynein (Thankachan et al. 2017). In higher
eukaryotes, a similar function is performed by
the nuclear protein NuMA (nuclear mitotic appa-
ratus) that directly binds to dynein-dynactin and
phospholipids at the plasma membrane (Kotak
et al. 2014). During anaphase, NuMA localizes
to the cell cortex, juxtapositioned to the spindle
midzone. NuMA binds to dynein-dynactin and
controls the localization of dynein to the cell
cortex, thus regulating spindle positioning
(Kotak et al. 2012). Further during anaphase as
the mitotic spindle elongates, a structure known
as central spindle is formed by bundling of the
interpolar microtubules between the two
separating chromosomes. Previous studies have
shown that dynactin subunit p150glued localizes at
the central spindles (Delcros et al. 2006;
Reboutier et al. 2013). p150glued interacts with
the centralspindlin complex subunit, MKLP1/
Kif23, and promotes its recruitment to central
spindles, which in turn is required for cleavage
furrow ingression (Delcros et al. 2006). Indeed,
whether the central spindle pool of p150glued is
associated with dynein and function of dynein at
the central spindles needs further investigation.

2.8 Dynein Function During
Cytokinesis

Anaphase onset is coupled with simultaneous for-
mation of cleavage furrow that keeps ingressing,
ultimately resulting in cytokinesis and formation of
two separate daughter cells. Earlier studies have
shown localization of dynein and dynactin to cleav-
age furrow and later to midbody during cytokine-
sis; however, the functional significance of these
observations is not known (Campbell et al. 1998;
Karki et al. 1998). During abscission, dynein is
thought to regulate trafficking of Rab8 vesicles
from Golgi complex to the midbody for the com-
pletion of cytokinesis (Kaplan and Reiner 2011).
However, the approach used in this study involved
inhibition of dynein by a chemical compound,
EHNA, which is a potent adenosine deaminase
inhibitor and does not selectively inhibit dynein
but has additional effects of depletion of the cellular
ATP pool (Burton et al. 2010; Nakajima et al.
2015; Penningroth et al. 1982; Schliwa et al.
1984; Siaw et al. 1980).

It is now well appreciated that dynein function
is required at every stage of the cell cycle
(Fig. 2.3). Since the phenotypes of dynein deple-
tion or inhibition are too prominent in the early
stages of cell cycle, investigating dynein function
(s) after metaphase has been a technical chal-
lenge. Not surprisingly, information on the role
of dynein post-anaphase onset is very limited and
needs further investigation. Development of new
tools that can rapidly and reversibly inactivate
dynein function at specific stages of cell cycle
would be an important breakthrough in gaining
comprehensive knowledge of the roles performed
by dynein and its accessory partners during the
late stages of the cell cycle.

2.9 Function of Dynein Adaptors
during Cell Division

Previous studies have uncovered that adaptor
proteins associate with dynein and provide a scaf-
fold for stably linking dynein and dynactin
(McKenney et al. 2014). In addition, these adaptor
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proteins activate dynein by altering its mechano-
chemical properties and removing the auto-
inhibited state of p150glued, resulting in robust
long-range retrograde transport (McKenney et al.
2014; Olenick et al. 2016; Schroeder and Vale
2016). In the subsequent sections, we will cover
the literature on different dynein adaptors that
impact cell division, possibly by temporally
regulating dynein function during different stages
of the cell cycle.

2.9.1 Lis1-NudE/Nde1

Lis1 was initially reported as the gene mutated in
the neuron migration disease known as
“lissencephaly,” characterized by a smooth

cerebral surface, cognitive defects, and seizures
(Reiner et al. 1993). Lis1 is a dosage-sensitive
gene as its deletion or overexpression results in
lissencephaly (Bi et al. 2009), microcephaly, and
delay in neurodevelopment (Lockrow et al.
2011). Lis1 is reported to participate in multiple
protein-protein interactions, which might be the
reason behind the dosage sensitivity of this gene
(Wynshaw-Boris 2007). One of these interactions
of Lis1 was reported with the coiled-coil proteins
NudE and Nde1, which are dynein accessory
proteins implicated in neurodevelopment
(Bradshaw Nicholas et al. 2013). Studies involv-
ing genetic screens probing nuclear positioning
and migration in filamentous fungi (A. nidulans)
first linked Lis1 and NudE/Nde1 to dynein
(Willins et al. 1997; Xiang et al. 1995), which

Fig. 2.3 Functions of dynein adaptors during different
stages of the cell cycle. Schematic representing dynein
localization and function in a mitotic cell and the plausible

roles of different dynein adaptors at these sites. The actual
adaptors in few scenarios, such as during spindle focusing,
are not known
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was later confirmed by in vitro protein-protein
interaction experiments (Faulkner et al. 2000;
Sasaki et al. 2000; Smith et al. 2000). The inter-
action between Lis1-NudE/Nde1 and dynein is
conserved across evolution and is required for
coordinating dynein cargo binding and motor
activity (McKenney et al. 2010; Murdoch et al.
2011; Tai et al. 2002; Ye et al. 2011).

The N-terminus of Lis1 contains a LH
(Lis-homology) domain and two coiled-coil
domains important for its dimerization. This is
followed by seven WD-repeat constituting
β-propeller regions that directly bind to the
AAA3 and AAA4 regions of DHC, making Lis1
the only dynein regulator that directly binds to the
dynein motor domain (Huang et al. 2012;
Toropova et al. 2014). Similar to Lis1, NudE
and Nde1 are capable of forming functional
dimers and interacting with DIC and Lis1,
thereby tethering Lis1 to dynein (Huang et al.
2012; Wang et al. 2013; Wang and Zheng 2011;
Żyłkiewicz et al. 2011). Single-molecule motility
assays and bead-based optical trap assays con-
firmed that Lis1 controls the velocity of dynein
by achieving prolonged force-producing state and
enhancing the microtubule association of dynein
without affecting the intrinsic affinity of dynein to
microtubules (Huang et al. 2012; McKenney et al.
2010). These evidences indicate Lis1 acts similar
to a clutch by uncoupling microtubule binding
and release of dynein with cycles of ATP hydro-
lysis by the AAA+ region of dynein motor
domain (DeSantis et al. 2017).

During interphase the Lis1/NudE/Nde1-
dynein complex regulates spatiotemporal distri-
bution of subcellular organelles like Golgi com-
plex, endosomes, and lysosomes (Egan et al.
2012; Shao et al. 2013). In addition, Lis1-NudE/
Nde1 regulates chromosome alignment and seg-
regation during metaphase and anaphase, respec-
tively. Further by localizing dynein to the mitotic
spindle and central spindle microtubules, Lis1
also regulates microtubule-chromosome attach-
ment, spindle morphology and integrity, and cen-
trosome number (Aumais et al. 2003; Faulkner
et al. 2000; Moon et al. 2014; Raaijmakers et al.
2013). Consistent with this, depletion of Lis1/
NudE/Nde1 resulted in misaligned chromosomes

with missing microtubule-KT attachments, lead-
ing to significant delay in metaphase to anaphase
transition. Lis1 depletion also led to lesser recruit-
ment of dynein at KT, resulting in chromosome
missegregation. Loss of Lis1 was associated with
emergence of lagging chromosomes in telophase.
However, the duration between NE breakdown
and metaphase was not significantly affected
upon loss of Lis1 (Moon et al. 2014). Lis1 deple-
tion also resulted in abnormal amplification of
centrosomes, leading to formation of more than
two centrosomes per cells that cluster in groups to
form bipolar spindle during metaphase. Further-
more, gene knockout of Lis1 led to abnormal size
and shape of the pericentriolar matrix, leading to
asymmetry in the spindle poles and spindle posi-
tioning defects (Moon et al. 2014; Zimdahl et al.
2014). Loss of Lis1 in planarian S. mediterranea
and in fruit fly D. melanogaster hematopoietic
stem cells has been shown to affect asymmetric
cell division, leading to increase in their mitotic
index and accelerated differentiation, finally lead-
ing to depletion of the tissue-specific stem cell
pool (Cowles et al. 2012; Zimdahl et al. 2014).

2.9.2 Spindly

Spindly/Ccdc99 is a dynein adaptor conserved
only in metazoans. Spindly was identified during
RNAi screen of Drosophila S2 cells as a key
player in localization of dynein to KT (Griffis
et al. 2007). The N-terminus of Spindly contains
four coiled-coil regions crucial for dynein-
dynactin association and four consensus repeats
with undetermined function at its C-terminus
(Griffis et al. 2007). The complex of KT proteins,
Rod/ZW10/Zwilch (known as RZZ complex),
recruits Spindly to KT (Chan et al. 2009;
Gassmann et al. 2010). Spindly with its
farnesylated C-terminal associates with the
Zwilch subunit of the RZZ complex (Holland
et al. 2015; Moudgil and Chan 2015; Moudgil
et al. 2015).The N-terminal CC1 box and Spindly
motifs present between the second and the third
coiled-coil domains associate with dynein and
dynactin, respectively (Gama et al. 2017;
Gassmann et al. 2010; Mosalaganti et al. 2017).
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This association results in the formation of a
tripartite stable complex between dynein-
dynactin and Spindly attached to KT through the
RZZ complex (Barisic and Geley 2011; Barisic
et al. 2010). More recently, Spindly, like other
dynein adaptors (such as Bicd2 and Hook3), has
been shown to promote dynein-dynactin interac-
tion and activate dynein motility in vitro
(McKenney et al. 2014).

Once microtubules are properly attached to KT
during metaphase, Spindly regulates the transport
of SAC proteins (Mad1, Mad2, Bub1, and
BubR1) and the RZZ complex from KT to the
spindle poles, thereby silencing the SAC and
promoting anaphase onset (Barisic and Geley
2011; Silva et al. 2015, 2017; Vallee et al.
2006). In addition, Spindly regulates stable
microtubule-KT attachments independent of
dynein-dynactin (Gassmann et al. 2010). Multiple
studies have confirmed metaphase arrest coupled
with a delay in mitotic exit in cultured cells upon
Spindly depletion (Barisic et al. 2010; Silva et al.
2015, 2017). In addition, Spindly has recently
been shown to regulate migration of the ovarian
border cell cluster in Drosophila, revealing Spin-
dly function in postmitotic cells for the first time
(Clemente et al. 2017). Although in vitro
experiments support activation of dynein by Spin-
dly (McKenney et al. 2014), how proper KT
attachment of microtubules regulates dynein acti-
vation and whether this is Spindly-dependent
remain unknown.

2.9.3 NuMA

NuMA (nuclear mitotic apparatus) was first
identified and named by Lydersen and Pettijohn
for its localization to nucleus and mitotic spindle
poles during interphase and mitosis, respectively
(Lydersen and Pettijohn 1980). In early years,
multiple groups discovered and rediscovered
NuMA (and named centrophilin, SPN, and
SP-H) independently which was later confirmed
to be the same protein (Compton et al. 1992;
Kallajoki et al. 1993; Lydersen and Pettijohn
1980; Tousson et al. 1991; Yang et al. 1992).
NuMA contain two N-terminal globular heads

and a C-terminal tail, which are separated by a
relatively long coiled-coil region. Both the glob-
ular heads contain multiple DNA-binding S/TP
motifs, while the C-terminal tail contains nuclear
localization signal (NLS) and a stretch of
100 residues that directly associate with
microtubules and promote microtubule bundling
(Gueth-Hallonet et al. 1996; Haren and Merdes
2002; Luderus et al. 1994; Seldin et al. 2016).

During metaphase, Cdk1-mediated phosphor-
ylation of NuMA negatively regulates its cortical
localization. Inactivation of CDK1 at anaphase
onset results in dephosphorylation and increase
in cortical NuMA, which in turn recruits dynein at
the cortex thus ensuring correct spindle position-
ing (Kotak et al. 2013; Kotak and Gonczy 2013;
Sparks et al. 1995). NuMA is recruited to the
minus ends of the microtubules at the mitotic
spindle and, subsequently, recruits dynactin to
regulate dynein activity during mitosis (Bosveld
et al. 2017; Hueschen et al. 2017). As a result,
loss of NuMA leads to dissociation of
centrosomes from mitotic spindles, resulting in
frayed spindles with positioning defects similar
to the defects observed in dynein-depleted cells
(Kotak et al. 2012; Merdes et al. 1996). An addi-
tional phosphorylation of NuMA by Aurora-A
during anaphase relocates it from the spindle
poles to the cell cortex, promoting dynein recruit-
ment to cell cortex that is required for spindle
positioning (Gallini et al. 2016; Jin et al. 2017;
Kotak et al. 2016; Schmidt et al. 2017). Unlike
other dynein adaptors that form homodimers,
NuMA oligomerizes into higher-order structures
(Harborth et al. 1999; Saredi et al. 1997). This
raises the possibility that it could recruit multiple
dynein molecules to generate more force required
for focused mitotic spindle formation in the pres-
ence of high load and friction, such as upon
microtubule cross-linking and coupling of
chromosomes. Recruitment of a team of motors
for efficient transport of large cellular cargos by
dynein has already been shown in previous stud-
ies (Fu and Holzbaur 2014; Rai et al. 2013).
Future structural studies can provide further
insights into how NuMA regulates the force
production by dynein on mitotic spindles and
cell cortex.
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2.9.4 Other Dynein Adaptors
Involved in Cell Cycle

A number of studies have now established the
role of dynein adaptors Lis1, NuMA, and Spin-
dly in regulating different stages of cell cycle,
and removal of these proteins has been linked to
defects in cell cycle progression (Kotak and
Gonczy 2013; Raaijmakers et al. 2013). Never-
theless, cell cycle-specific functions of other
dynein adaptors have also been noted that need
further exploration in the future. Bicaudal-D2
(BicD2), one of the best characterized dynein
adaptors, is required for linking dynein to
endosomes and Golgi complex during interphase
(Chowdhury et al. 2015; McKenney et al. 2011,
2014; Schlager et al. 2014; Urnavicius et al.
2015). BicD2 also mediates dynein-dependent
RNA localization (Splinter et al. 2010). In addi-
tion, BicD2 binds to RANBP2, a nucleoporin,
and recruits dynein to the NE during G2 phase
and facilitates centrosome separation and break-
down of the NE (Splinter et al. 2010). Similarly,
a KT kinesin CENP-F along with Lis1/NudE has
been shown to regulate localization of dynein
and dynactin at nuclear pores and KT during
late G2 phase and prometaphase, respectively
(Bolhy et al. 2011; Raaijmakers et al. 2013).
Two newly enlisted dynein adaptors, Ninein
and Ninein-like protein (Nlp), are known to reg-
ulate centrosome maturation, spindle organiza-
tion, and cytokinesis (Lin et al. 2006; Ou et al.
2002; Redwine et al. 2017b; Wang and Zhan
2007). How these adaptors regulate dynein func-
tion during cell cycle is an important question to
be determined in the near future. Members of the
Hook protein family have also been recently
characterized as dynein adaptors that promote
dynein-dynactin interaction and activate in vitro
motility of dynein (Bielska et al. 2014;
McKenney et al. 2014; Olenick et al. 2016;
Schroeder and Vale 2016; Zhang et al. 2014).
Mammals express three hook paralogs with dis-
tinct subcellular localization (Walenta et al.
2001). While Hook1 and Hook3 localize to
endosomes and Golgi membranes, respectively,
Hook2 localizes to the centrosome. Our own

findings indicate that Hook2 acts as a dynein-
dynactin adaptor that facilitates cytokinesis by
regulating dynein-dynactin recruitment to the
central spindles (Dwivedi et al. unpublished).
Although recent studies have identified different
adaptors that activate dynein motility, informa-
tion on the cellular functions of these adaptors is
scanty, and their role in dynein regulation during
cell cycle remains unexplored (McKenney et al.
2014; Olenick et al. 2016; Redwine et al. 2017b;
Schroeder and Vale 2016).

2.10 Conclusion and Future
Prospects

A multitude of cell biology, biochemical, and
structural studies have provided detailed informa-
tion on the structure, function, and regulation of
dynein. Mutations in dynein or its accessory
partners impair retrograde transport leading to
human disorders, including neurodegenerative
diseases (Aridor and Hannan 2000, 2002). How-
ever, whether these mutations also affect cell
cycle progression in actively dividing cells has
not been explored. Dynein at KT regulates ana-
phase onset by inactivating mitotic checkpoint.
Identifying the key residues in DHC or dynein
adaptors that abrogate KT localization of dynein
can address much debatable role of dynein at KT
during prometaphase. It is now well appreciated
that dynein regulates multiple events during cell
cycle. However, unavailability of tools that
instantly inhibit dynein activity limits most of
the studies to the early stages of cell cycle.
Ciliobrevins that are small-molecule dynein
inhibitors have been reported to disrupt dynein-
dependent retrograde organelle transport, but they
suffer with the drawback of having mild activity
and low potency thereby limiting their use (Fire-
stone et al. 2012; Roossien et al. 2015). Molecular
species that instantly, but reversibly, inhibit
dynein activity might prove very helpful in deter-
mining dynein function during later stages of the
cell cycle. Similar approaches have been used for
uncovering function of the kinase Plk1 during
cytokinesis, albeit it is a key regulator of
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prometaphase to metaphase transition (Petronczki
et al. 2007). Recently, dynapyrazoles and
dynarrestin that inhibit dynein activity at much
lower concentrations as compared to ciliobrevins
have been developed using chemical structure-
based analysis (Hoing et al. 2018; Steinman
et al. 2017). These inhibitors might prove to be
useful tools to explore newer functions of dynein,
especially during later stages of cell cycle,
provided they act instantaneously. Finally, we
are now beginning to understand how various
events during cell cycle that require variable
degrees of force are regulated by dynein.
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Changes in the Nuclear Envelope
in Laminopathies 3
Subarna Dutta, Maitree Bhattacharyya, and Kaushik Sengupta

Abstract

Double-membrane-bound nucleus is the
major organelle of every metazoan cell,
which controls various nuclear processes
like chromatin maintenance, DNA replica-
tion, transcription and nucleoskeleton-
cytoskeleton coupling. Nuclear homeostasis
depends on the integrity of nuclear membrane
and associated proteins. Lamins, underlying
the inner nuclear membrane (INM), play a
crucial role in maintaining nuclear homeosta-
sis. In this review, we have focussed on the
disruption of nuclear homeostasis due to
lamin A/C mutation which produces a pleth-
ora of diseases, termed as laminopathies.

Keywords

Laminopathies · Lamins · Linker of
nucleoskeleton and cytoskeleton · Emerin ·
Lamin B receptor · Nuclear pore complex

3.1 Introduction

The nucleus is the major organelle of every
eukaryotic cell and is responsible for
maintaining cellular homeostasis. It is a double-
membrane-bound structure which comprises of
integral membrane proteins as well as nuclear
lamins and confines densely packed chromatin.
Over a hundred years since the discovery of
nuclear envelop, the importance of the subject
has increased dramatically with the discovery of
numerous envelopathies. The double
membranes are continuous with the endoplasmic
reticulum (ER), and both act as site of attach-
ment for the NPCs. Inner nuclear membrane is
closely associated with a mesh or lamina which
helps in tethering the chromosome at the periph-
ery. This lamina is composed of A- and B-type
lamins. The mutation of lamins particularly
lamin A/C has led to the discovery of 14 different
diseases collectively called laminopathies. For
the past few decades, there has been a major
impetus in getting deeper insights into lamin
biology and hence changes in nuclear architec-
ture in the light of laminopathies. In this review
we have elucidated the pathological effects of
laminopathies on the nuclear envelope and the
membrane proteins associated there in.
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3.2 Lamins

Underneath the inner nuclear membrane, there is
a meshwork-like structure or “lamina” which
imparts the structural rigidity to the nucleus.
Lamins are major constituents of this meshwork.
Lamins are present in all metazoans except plants.
In mammals lamins are of two types A and B. A
type includes lamins A and C which are alternate
splice variants of the LMNA gene, whereas major
B types are lamins B1 and B2 encoded by
LMNB1 and LMNB2 genes, respectively.
B-type lamins are expressed from embryonic
stage while lamin A/C expressed in
postembryonic stage and developmentally
regulated (Rober et al. 1989). A- and B-type
lamins with the exception of lamin C possess a
–CAAX box at the C-terminus which marks the
site for farnesylation required for membrane
anchorage (Rusinol and Sinensky 2006). At first,
the cysteine residue in CAAX is farnesylated
followed by proteolytic digestion after the cyste-
ine residue. Finally, the enzyme carboxymethyl-
transferase mediates carboxymethylation of the
new C-terminal residue. A second proteolytic
occurs in lamin A mediated by the zinc
metalloproteinase Zmpste24 leading to the
removal of another 15 amino acids. Thus, mature
lamin A lacks the farnesyl group (Dechat et al.
2008), whereas B-type lamins retain the group
and hence remain associated with the inner
nuclear membrane.

The farnesylation of lamin A might recruit
lamin A to the nuclear periphery by dint of hydro-
phobic interaction with the nuclear envelope
(Hennekes and Nigg 1994). However, several
reports using mice and/or cells expressing mutant
forms of lamin A indicate that farnesylation is not
prerequisite for recruitment to the nuclear enve-
lope (Davies et al. 2010, 2011). This is evident
from the fact that the non-farnesylated form of
lamin A is expressed at the nuclear periphery
(Davies et al. 2010, 2011).

Over a couple of decades, more than
400 mutations have been found in LMNA gene
that are known to cause a plethora of diseases
collectively called laminopathies (http://www.

umd.be/LMNA/). On the contrary, two diseases
are known to be caused by B-type lamins, of
which one results from LMNB1 duplications
and corresponding overexpression of lamin B1
(Padiath et al. 2006) and the other results from
polymorphisms of LMNB2 (Hegele et al. 2006).
A list of the laminopathies is given in Table 3.1.

These diseases primarily affect the muscle tis-
sue in muscular dystrophies, adipocytes in
lipodystrophy, peripheral neurons in neuropathies
and multiple organs in premature ageing syn-
drome. In summary laminopathies which are
caused by mutations in lamin A/C show tissue-
specific phenotypes. But the commonality of
laminopathies lies in the fact that nuclear enve-
lope herniation or blebbing associated with chro-
matin aberration, loss of B-type lamins and
mislocalization of NPCs, emerin and other inner
nuclear membrane structural proteins thereby
tend to weaken the nucleus in terms of its rigidity
(Sullivan et al. 1999; Vigouroux et al. 2001). A
cartoon showing the localization of major
proteins in plasma and nuclear membrane as
well as the interconnection is depicted in
Fig. 3.1. There is also some evidence showing
abnormal nuclear envelope dynamics due to
misregulation of lamin B1 (Vergnes et al. 2004;
Vargas et al. 2012). Nuclei from the liver of mice
lacking lamin A/C or lamin B�/� in muscle
tissue of flies showed the nuclear envelope dis-
ruption. Immunohistochemistry analysis of
laminopathic patients also showed clearer sign
of nuclear envelope rupturing. Ultrastructure
analysis of nucleus from a laminopathic
cardiomyocytes showed changed nuclear shape
along with chromatin disorganization and appear-
ance of sarcoplasmic organelles within nuclear
matrix (Fidzianska et al. 2008; Gupta et al.
2010). Furthermore, improper post-translational
modification also exerts unfavourable effect on
nuclear shape. Y646F mutant of lamin A (which
can undergo prenylation but not second proteo-
lytic cleavage) showed abnormal nuclear mor-
phology. It has also been shown that
unprenylated prelamin A is not toxic to human
embryonic kidney 293 cells. The toxicity of
prenylated prelamin A may be due to its associa-
tion and/or accumulation at the nuclear pore
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Table 3.1 Laminopathies and affected tissues

Gene Disease Tissue affected

LMNA Emery-Dreifuss muscular dystrophy (EDMD) Striated muscle
LMNA Limb-girdle muscular dystrophy Striated muscle
LMNA Congenital muscular dystrophy Striated muscle
LMNA Dilated cardiomyopathy (DCM) with/without conduction defect (CD) Striated muscle
LMNA Familial partial lipodystrophy type 2 (Dunnigan-type familial partial

lipodystrophy)
Adipose tissue

LMNA Atypical lipodystrophy Adipose tissue
LMNA Mandibuloacral dysplasia with type A lipodystrophy Adipose tissue
LMNA Hutchinson-Gilford progeria syndrome (premature ageing) Multiple organs
LMNA Atypical Werner syndrome Multiple organs
LMNA Charcot-Marie-tooth disease Peripheral nerve
LMNB1 Autosomal dominant adult-onset leukodystrophy Central nervous

system
LMNB2 Acquired partial lipodystrophy (Barraquer-Simons syndrome) Adipose tissue

Fig. 3.1 Localization of major proteins in plasma mem-
brane and nuclear membrane
Every nucleus has double-layered membrane, namely,
outer nuclear membrane (ONM) and inner nuclear mem-
brane (INM). ONM proteins make connection from
nucleus to cytoplasm. INM proteins bridge nuclear enve-
lope with chromatin thereby modulating gene expression
and chromatin states. Nuclear lamina underneath the inner
nuclear membrane is composed of lamin proteins. INM

proteins like LBR, MAN 1, Emerin and LAP 2 interact
with lamins and collectively act as nuclear shape
modulator. Lamins A and B form 10 nm fibre which
resides as a complex meshwork-like structure underneath
INM. SUN proteins of INM interact with Nesprin proteins
of ONM to form LINC complexes. Cytoplasmic actin by
the help of focal adhesion molecules (Vinculin, Paxillin,
Talin) via integrin molecules keeps connection with extra-
cellular matrix
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complex which could be partially reversed by
farnesyl transferase inhibitors (Pan et al. 2007).
Thus, nuclear envelope disruption could be an
important contributor to the pathophysiology of
laminopathies.

3.3 Linker of Nucleoskeleton
and Cytoskeleton (LINC)

The additional factors which regulate nuclear
structure integrity are proper organization of cyto-
plasmic actin and active tension on nuclear enve-
lope which is maintained by proper signalling
between extracellular matrix molecules (Houben
et al. 2007) and the nucleus via LINC (linker of
nucleoskeleton and cytoskeleton) complexes. At
the cell membrane, focal adhesion
(FA) complexes tethering the actin cytoskeleton
collect the extracellular mechanical cues and pass
down to the nucleus for effector function.

Paxillin, Vinculin, Talin and Zyxin are plasma
membrane-associated focal adhesion complexes
which transmit mechanical stimuli from extracel-
lular matrix to the nucleus via cytoplasmic actins
and LINC complexes. Stress fibres or actin
filaments undergo rearrangement in response to
shear stress and lead to altered distribution of
focal adhesion molecules. These proteins carry
out significant roles in the transformation of
extracellular stimuli to biomechanical signals,
but precise information about the types of
complexes and bonds formed in between the FA
molecules is yet to be determined. Members of
the LINC complex primarily include multiple
spectrin repeat containing Nesprins (nuclear
envelope spectrin repeat proteins) and SUN
proteins. Nesprins have a KASH domain. KASH
domain (klarsicht/ANC-1/Syne-1 homology) or
KLS domain is a highly hydrophobic domain of
60 amino acid residue which helps it to embed
into nuclear envelope. LINC complex proteins
help in transmitting the extracellular mechanical
cue across the nucleus via the nuclear membrane
as depicted in Fig. 3.1. Interestingly, major
murine KASH domain proteins were termed as
Syne-1 and Syne-2. Nesprin 1 and 2 are very
crucial players for nuclear envelope integrity

(Zhang et al. 2007a). A deletion of N-terminal
domain of Syne-2/Nesprin 2 has also been shown
to disrupt nuclear architecture (Luke et al. 2008).
Missense mutations in Nesprins 1 and 2 also lead
to EDMD-like phenotypes in some cases. More-
over, mutations in Nesprin 1 are shown to be
associated with DCM-CD. Minor isoforms like
Nesprins 3 and 4 encoded by SYNE-3 and
SYNE-4, respectively, are less characterized
with respect to disease-causing mutations,
although there are reports of hearing loss
associated with Nesprin 4 mutations.

On the other hand, deletion of KASH domain
of Syne-1 severely hampers both synaptic and
nonsynaptic nuclear anchorage (Grady et al.
2005; Zhang et al. 2007b). SUN proteins are
inner nuclear membrane-associated proteins
which interact with lamins and NPCs via
N-terminal domain, whereas the C-terminal
domain inserts itself into the perinuclear space
between INM and ONM and crosstalks with the
KASH domain. Multimerization of the SUN pro-
tein is a prerequisite for facilitating the interaction
with the KASH peptide (Zhou et al. 2012). This
multimeric formation of SUN might play an
essential role in force transduction across the
nuclear membrane. Defects in another LINC
complex member, SUN1, have a profound effect
on nuclear envelope disruption (Tapley and Starr
2013). In LMNA�/� mice, SUN1 is dramatically
overexpressed and directed to the Golgi (Suh and
Kennedy 2012). RNAi-mediated knockdown of
SUN1 rescued nuclear defects in cell culture, and
knockout of SUN1 significantly extended the sur-
vival of LMNA�/� mice.

3.4 Emerin

Another lamin-associated unclear membrane pro-
tein of cardinal importance is emerin which has a
significant role in maintaining nuclear stability.
Emerin is a component of LEM 2 (LAP2-Emerin-
MAN 1) family of proteins present in the nuclear
envelope. Emerin protein is comprised of
N-terminal serine-rich hydrophilic region
(1–221) which helps it to insert in the membrane.
This domain is directly responsible for its
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interactions with SUN proteins, actins, lamins
and DNA-binding protein like BAF (barrier-to-
autointegration factor). Interestingly, residues
170–220 determine the homotypic associations
of emerin. Emerin remains directly or indirectly
connected with lamin A, chromatin and LINC
complexes. Mutation in emerin has a vital role
for X-linked Emery-Dreifuss muscular dystro-
phy. Emerin-deficient cells show abnormal-
shaped nucleus and improper
mechanotransduction (Lammerding et al. 2005;
Rowat et al. 2006). There is another report
which has shown that lamin A/C–emerin interac-
tion is crucial for its localization on nuclear enve-
lope (Vaughan et al. 2001). Interaction of inner
nuclear membrane protein LEM 2 with lamins is
also crucial for maintaining normal nuclear shape
(Ulbert et al. 2006). As emerin tends to
mislocalize to the endoplasmic reticulum in
EDMD, its role at the nuclear envelope is very
vital for the pathogenesis in EDMD. In autosomal
EDMD caused by mutation of LMNA, there is
fluctuation of emerin distribution between nuclear
envelope and endoplasmic reticulum (Sullivan
et al. 1999).

3.5 Lamin B Receptor (LBR)

Lamin B receptor (LBR) is one of the most well-
characterized integral membrane proteins of INM
and is believed to interact with lamin B (Zwerger
et al. 2008). It comprises of multiple transmem-
brane hydrophobic domain and bears structural
similarity to sterol reductase enzymes (Holmer
et al. 1998). LBR has a bipartite NLS signal and
an N-terminal nucleoplasmic domain rich in basic
sequences. This N-terminal domain is crucial for
the incorporation of LBR into the nuclear
envelop. LBR has a propensity to oligomerize
in vitro and form insoluble aggregates, a property
characteristic of integral membrane proteins. This
self-association is modulated by phosphorylation
and hyperphosphorylation of LBR by cdk 1 and is
observed at the beginning of mitosis (Nikolakaki
et al. 1997). It has been shown that LBR is
involved in peripheral heterochromatin tethering
vis lamin A/C in early stages of development

(Solovei et al. 2013). Mutations throughout LBR
protein cause Pelger-Huët anomaly while the
same in the C-terminal hydrophobic transmem-
brane domains lead to Greenberg skeletal dyspla-
sia in human being (Clayton et al. 2010;
Hoffmann et al. 2002). The latter is primarily
associated with perturbed sterol reductase activ-
ity. Therefore one of the ways by which LBR
maintains nuclear architecture is by dint of its
sterol reductase activity which in turn is necessary
to nuclear lipid rafts or microdomains. This activ-
ity is visualized at the onset of mitosis in animal
cells when the nuclear envelope ruptures. Sec-
ondly, heterochromatin tethering to the INM is
another important role of LBR in nuclear homeo-
stasis. A point mutation in lamin A has been
reported to result in LBR relocation from the
nuclear envelope to the endoplasmic reticulum
(Stegh et al. 2000), but lamin A null cells appear
to have normal retention of LBR in the nuclear
envelope (Stewart et al. 2007). These evidences
prove a more indirect coupling between LBR and
lamin A/C. There is increasing evidence that gene
silencing occurs at the nuclear envelope (Gaines
et al. 2008) promoted, in part, by integral proteins
of the nuclear envelope. It is tempting to speculate
that increased LBR content may augment repres-
sion of the lamin A/C genes and thus facilitate
sequestration of the epigenetically repressed
lamin A/C genes to the peripheral nuclear
heterochromatin.

3.6 Nuclear Pore Complex (NPC)

Nuclear pore complexes provide another link of
communication between the cytoplasm and
nuclear compartment. These are selective perme-
able barrier which allow small molecules to pass
through by slow diffusion where larger
macromolecules are gated by nuclear localization
signals (NLS) which are recognized by specific
transporters to be ferried across the NPCs.
Nuclear pore complexes are approximately
125 MDa structure embedded on nuclear enve-
lope by the help of lamins (Eibauer et al. 2015).
Nuclear pore complexes are formed of 30 different
nucleoporins (Nups). Its structure can be defined
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by a central framework which carries a transmem-
brane part and nuclear basket that protrudes in the
cytoplasm and nucleoplasm. NPCs are composed
of scaffold-like structures which constitute the
membrane annulus. Numerous FG repeats in the
channel make up the semipermeable barrier.
These complexes are considered to be somewhat
mobile in yeasts but are firmly anchored to the
lamina in higher complex metazoan cells (Daigle
et al. 2001). The association of NPCs to the LINC
was shown to be mediated by Nup 153, a
nucleoporin, and SUN1 where deletion of SUN1
led to clustering of NPCs. On a similar note, Nup
153 and Nup 53 were shown to interact with
B-type lamins (Hawryluk-Gara et al. 2005;
Smythe et al. 2000). Kelley et al. (2015) have
shown that improper nuclear compartmentaliza-
tion mediated by Hutchinson-Gilford progeria
syndrome patients with dominant negative form
of lamin A resulted in disruption of nuclear trans-
port (Kelley et al. 2015). NPC assembly requires
at least 450 NUP protomers aided by integral
inner nuclear membrane proteins like Lap2α,
Emerin, MAN1 (Yewdell et al. 2011) and SUN
(Sad 1, UNC 84) domain proteins (Talamas and
Hetzer 2011). HGPS is associated with clustering
of nuclear pore complex among other phenotypes
(Goldman et al. 2004). Furthermore, the interac-
tion of Nup 88 and Nup 153 was shown to be
disrupted in the presence of mutation in Ig-fold
domain of lamin A/C causing EDMD and FPLD
(Lussi et al. 2011; Al-Haboubi et al. 2011).

3.7 Conclusion and Perspectives

The nuclear envelope in the metazoan cell is
studded with at least 60 well-characterized NET
(nuclear envelope transmembrane) with diverse
functions but committed to maintaining nuclear
integrity and homeostasis. Some of these enve-
lope proteins are connected to the cytoskeleton
via numerous proteins. In this way the cell can be
visualized as a complex circuitry which is fine-
tuned to respond to external cues via effectors
from the nucleus. This is epitomized in Fig. 3.1
which is a simplified cartoon depicting some of
these proteins discussed in the review. The field

of envelopathies, in particular laminopathies, has
unravelled some of the crosstalk mechanisms
between these proteins and tried to establish the
pathophysiology of the disease progressions.
However, we are at the dawn of our knowledge
of molecular signalling pathways underlying
laminopathies. Understanding this would signifi-
cantly help in the design and synthesis of
antagonists to combat laminopathies thereby
improving public health.
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The Effect of Nanoparticles on the Cluster
Size Distributions of Activated EGFR
Measured with Photobleaching Image
Correlation Spectroscopy

4

Chiara Paviolo, James W. M. Chon, and Andrew H. A. Clayton

Abstract

The epidermal growth factor receptor (EGFR)
is an important cell surface receptor in normal
physiology and disease. Recent work has
shown that EGF-gold nanoparticle conjugates
can influence cell behaviour, but the underly-
ing mechanism at the receptor quaternary
structural level remains poorly understood.

In the present work, the cluster density and
cluster size of activated (phosphorylated)
EGFR clusters in HeLa cells were determined
with photobleaching image correlation spec-
troscopy. EGFR activation was probed via
immunofluorescence-detected phosphoryla-
tion of tyrosines (pY-mAb) located in the
kinase domain of EGFR (Y845) and at the
EGFR cytoplasmic tail (Y1173). Cell activa-
tion was probed via nuclear extracellular-
regulated kinase (ERK) phosphorylation. The
cluster size of activated EGFR was 1.3–2.4
pY-mAb/cluster in unstimulated HeLa cells.
EGF or nanorod treatment led to an increase
in EGFR oligomers containing multiple
phosphotyrosines (>2 phosphotyrosines per
EGFR oligomer, average cluster size
range ¼ 3–5 pY-mAb/cluster) which
paralleled increases in nuclear p-ERK. In

contrast, EGF-nanorods decreased the contri-
bution from higher-order phospho-clusters and
decreased nuclear p-ERK relative to the
nanorod control. These studies provide direct
evidence that targeted nanotechnology can
manipulate receptor organization and lead to
changes in receptor activation and subsequent
signalling processes.

Keywords

Gold nanoparticles · Epidermal growth factor
receptor · Phosphorylation · Higher-order
oligomers · Y845 · Y1173 · MAPK · Image
correlation spectroscopy

4.1 Introduction

The epidermal growth factor receptor (EGFR,
also known as ErbB1 or HER-1) is a member of
the EGFR/ErbB/HER family of type I transmem-
brane tyrosine kinase receptors, which also
includes ErbB2/HER-2/Neu, ErbB3/HER-3 and
ErbB4/HER-4. EGFRs play an essential role in
organ development by regulating both the differ-
entiation and growth of cells and tissues. How-
ever, EGFR overexpression and dysfunction
occur in malignant development and uncontrolled
cell proliferation of many solid tumours (Flynn
et al. 2009).

EGFR consists of a 612 kDa ectodomain
(which mediates ligand binding and
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dimerization), a short transmembrane domain
(that anchors the receptor to the cell membrane),
an intracellular juxta-membrane domain which
regulates various functional aspects of EGFR
(such as ligand internalization and
downregulation of the receptor), a tyrosine kinase
domain essential for the functional activation of
the receptor and a carboxyl-terminal tail (C-tail)
containing several tyrosine (Tyr) residues (Flynn
et al. 2009; Kovacs et al. 2015). Different
members of the peptide growth factors, such as
the epidermal growth factor (EGF), serve as
agonists for the EGFR. Ligand binding causes
homo- or hetero-dimerization of the receptor,
leading to activation of the intracellular tyrosine
kinase domain and autophosphorylation of the
Tyr residues in the kinase domain and C-tail
(Wilson et al. 2009). These phosphorylated Tyr
sites serve as docking sites for effector proteins
that transduce the EGF signals to generate partic-
ular biological responses through the activation of
specific intracellular pathways (e.g. the mitogen-
activated protein kinase cascade, MAPK) (Kolch
and Pitt 2010).

In addition to dimers, the clustering of EGFR
in higher-order oligomers or assemblies has
attracted increased interest (Clayton et al. 2005,
2008; Kozer et al. 2013, 2014; Needham et al.
2016; Huang et al. 2016). Recent work has shown
that EGF-induced higher-order oligomers control
EGFR phosphorylation (Clayton et al. 2008;
Kozer et al. 2013; Needham et al. 2016; Huang
et al. 2016) and assembly of signalling complexes
(Kozer et al. 2014; Needham et al. 2016). More-
over, EGFR pre-clustering, mediated by the
tumour cell membrane environment, has also
been suggested to be an important determinant
of tumorigenicity (Clayton et al. 2007; Wang
et al. 2014). Consequently, there is a pressing
need to measure and control EGFR clustering.

One strategy is to perturb the EGFR clustering
using a nanotechnology approach. Indeed,
perturbing and monitoring cell receptor confor-
mation and activation with the aid of nano-
platforms are an emerging field of research that
has gained more and more attention over the past
recent years (Paviolo et al. 2015; Delcassian et al.
2013; Peckys et al. 2013; Crow et al. 2011;

Dreaden et al. 2012). Amongst all of the available
structures, gold nanoparticles (Au NPs) hold great
potential as nano-perturbation agents for cell sur-
face macromolecules. Aside from their excellent
optical properties, Au NPs provide relatively
favourable biocompatibility and can be produced
over a wide range of diameters, aspect ratios and
surface functionalization options (Dreaden et al.
2012). Recently, Paviolo et al. showed the possi-
bility to use EGF-conjugated Au NPs as molecu-
lar spacers to control EGFR clustering and
proliferation in HeLa cervical cancer cells
(Paviolo et al. 2015). EGF-conjugated particles
of diameter < 50 nm could increase proliferation
of HeLa cells, but a 100 nm EGF-nanorod conju-
gate inhibited proliferation (Paviolo et al. 2015).
Although NPs proved to influence cell behaviour,
little is known about how NPs can affect the
spatial organization of EGFR clusters
(i.e. dimers versus oligomers), EGFR phosphory-
lation levels and the functional consequences on
the signalling cascades at the level of single cells.

In this manuscript, we addressed these
questions by measuring the influence of
EGF-conjugated gold nanorods (EGF-NRs) on
clustering of activated receptors and downstream
signalling. Photobleaching image correlation
spectroscopy provided us with a quantitative
measure of changes in activated receptor organi-
zation in terms of cluster densities and cluster
sizes.

4.2 Material and Methods

EGF-NR Functionalization EGF and Au NR
functionalization were as previously described
(Paviolo et al. 2015).

Cell Culture, Staining and Imaging Human
cervical adenocarcinoma (HeLa) cells (American
Type Culture Collection, USA) were grown in
Dulbecco’s Modified Eagle Medium (DMEM;
Sigma Aldrich, AU) containing 10% (v/v) foetal
bovine serum (FBS; Life Technologies, AU), 1%
(v/v) L-glutamine (Life Technologies, AU), 1%
(v/v) penicillin/streptomycin (Life Technologies,
AU) and 0.5% (v/v) amphotericin B (Life
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Technologies, AU). When 70% confluent,
1.5 � 104 cells∙cm�2 were seeded in a μ-slide
chamber (Dksh, AU) with 2.6 g∙dL�1 of bovine
serum albumin (BSA – Sigma Aldrich, AU) and
serum-starved for 24 h. Samples were then treated
with 24 nM EGF-T, NR and EGF-NRs for 15 min
in a humidified atmosphere (95% (v/v) air, 5%
(v/v) carbon dioxide) at 37 �C.

For EGFR phosphorylation imaging and analysis,
after stimulation, cells were immediately fixed in
ice-cold ethanol-acetic acid [1:1] for 60 s at room
temperature and then washed three times with
PBS for 5 min. Unreacted binding sites were
then blocked with 5% (w/v) BSA for 60 min,
followed by an overnight incubation with anti-
EGFR-phospho Y845 (1:50 in 1% BSA in PBS;
Abcam, AU) and anti-EGFR-phospho Y1173
(1:100 in 1% BSA in PBS; Abcam, AU) at
4 �C. On the following day, cells were incubated
in the dark with a fluorescein isothiocyanate
(FITC)-conjugated antibody (1:1000 in 1% BSA
in PBS; Abcam, AU) for 3 h. Each labelling stage
was followed by two rounds of washing for 5 min
with PBS to remove excess unbound antibody.

For confocal imaging of ppErk1/2, cells were
fixed in formalin for 10 min, followed by three
rounds of washing with PBS for 5 min. Samples
were then made permeable with Triton X-100
(0.1% v/v in PBS; Sigma Aldrich, AU) for
30 min and again washed three times with PBS
for 5 min. Unreacted binding sites were then
blocked with 5% (w/v) BSA for 60 min, followed
by an overnight incubation with Anti-Erk1
(pT202/pY204) + Anti-Erk2 (pT185/pY187)
(1:200 in 1% BSA in PBS; Abcam, AU) at
4 �C. On the following day, cells were incubated
in the dark with a FITC-conjugated antibody
(1:1000 in 1% BSA in PBS; Abcam, AU) for
3 h. After that, cell nuclei were marked with PI
(500 nM in PBS; Invitrogen, AU) for 15 min at
room temperature. Each labelling stage was
followed by three rounds of washing for 5 min
with PBS to remove excess unbound antibody.
Three independent measurements (n ¼ 3) were
performed for each type of stimulation.

Confocal Microscopy Confocal images were
acquired with a 100� oil immersion objective
(NA ¼ 1.35) on an inverted confocal microscope
(FluoView FV1000; Olympus, AU). An argon-
ion laser (488 nm) was used to excite the FITC-
labelled antibody, while PI was stimulated with a
green helium-neon laser (543 nm). For both
fluorophores, the recommended filter sets were
used for imaging. All of the confocal parameters
(laser power, sampling speed and confocality)
were kept constant for each experimental part.
DIC images were also acquired during the
ppErk1/2 analysis. Post-processing of the data
was performed with Fiji/ImageJ software and
custom-coded programmes developed with
MATLAB. Single-cell analysis on cytoplasmic
and nuclear activation of ERK (i.e. ppErk1/2)
was in differential interference contrast mode
(DIC). Cell borders were located with DIC,
while nuclear regions were identified with PI
staining (Fig. 4.4b).

Photobleaching Image Correlation
Spectroscopy Sixty sequential images for each
cell were acquired in a time series with the confo-
cal microscope, using a resolution of 640 � 640
pixels and a 2 μs∙pixel�1 sampling speed. Pixel
resolution varied between the samples, being on
average approximately 0.06 μm∙pixel�1. Images
were initially cropped in different region of
interests (ROIs) and corrected for background
noise, followed by a rescaling to 128� 128 pixels
using a bilinear average process. The autocorrela-
tion analysis was performed using the built-in FD
math function in ImageJ. The autocorrelation
function was then normalized by the square of
the average intensity, the number of pixels in the
ROI and the point-spread function of the micro-
scope. The cluster density (CD) of fluorescent
clusters can be calculated with the corrected
value of the autocorrelation function at zero-lag
g(0,0) using Eq. 4.1:

g 0; 0ð Þ ¼ 1= CDh i ð4:1Þ
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Plots of CD as a function of fractional fluores-
cent intensity remaining ( p) were fit to Eq. 4.2:

CD pð Þ Jf g ¼
CDJp

1þ J � 1ð Þp ð4:2Þ

where CD is the cluster density (at p ¼ 1) in units
of clusters per square micron and J is the average
cluster size (or average brightness) in units of
number of fluorophores per cluster. Data were fit
in the range of p ¼ 0.2 – 1.

Our analysis delivers the cluster size in units of
number of fluorophores per cluster. To convert to
oligomeric state, we need to know the number of
fluorophores per antibody. To convert the cluster
size values to the number of antibodies per clus-
ter, cluster size values (in units of fluorophores
per cluster) were divided by the number of
fluorophores per antibody, estimated to be 1.5
fluorophores/antibody from pbICS experiments
of antibodies deposited on a glass slide.

Photobleaching data from several sets of cells
(typically 20 cells per treatment condition) were
analysed to obtain population mean CD (<CD>),
population mean J (<J>), average density of
antibodies (<mAb>) and densities of antibodies
in lower-order phospho-cluster and higher-order
phospho-clusters.

The population mean CD ( p ¼ 1, units:
clusters per square micron) is defined as.

< CD >¼
Xn

1
CDn=n ð4:3Þ

The population mean J (units: number of
antibodies per cluster) is defined as

< J >¼
Xn

1
J2nCDn=

Xn

1
JnCDn ð4:4Þ

The average density of antibodies (units:
antibodies per square micron) is given as

< mAb >¼< CD >< J > ð4:5Þ
Data was also binned to reflect populations

with cluster size of 1–2 antibodies per cluster
and populations with >2 antibodies per cluster.
These data were represented as histograms with
total density of antibodies on the vertical axis and

1–2 and > 2 antibodies per cluster categories on
the horizontal axis.

4.3 Determination of the Average
Cluster Size of EGFR

The pbICS experiments deliver cluster densities
and cluster sizes of the phosphorylated receptors,
as defined by binding of a phospho-specific
immunoglobulin. The binding of the immuno-
globulin is not 100%, however, so a correction
for partial binding needs to be made to extract
average cluster sizes of EGFR.

To determine the average cluster size of EGFR
we assume that the antibody binding is
sub-stoichiometric (due to inactive receptors or
limited antibody accessibility).

The average fraction of bound antibody is
given by:

Fraction bound¼<mAb>=<EGFR> ð4:6Þ
where <mAb> is the average density of detected
antibodies (Eq. 4.5) and <EGFR> is the average
density of EGFR on HeLa cells. We used a value
for <EGFR> of 50 EGFRs/square micron based
on the literature value for the expression level of
HeLa cells (50,000 receptors/cell) (Berkers et al.
1991) and typical cell surface area of 1000 square
microns.

For an average EGFR cluster size of JEGFR,
fractional antibody binding will create a new
cluster size distribution given by the binomial
formula.

For example, if we assume JEGFR ¼ 2 and use
a fraction antibody bound of 0.5, the distribution
of detected antibody-bound clusters is:

Zero antibody bound : 1 1� fð Þ 1� fð Þ
¼ 1 1=2ð Þ 1=2ð Þ ¼ 1=4

One antibody bound : 2 fð Þ 1� fð Þ
¼ 2 1=2ð Þ 1=2ð Þ ¼ 1=2

Two antibodies bound : 1 fð Þ fð Þ ¼ 1=4
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The average cluster size of the detected
antibodies in clusters is then given by Eq. (4.4) as

< J >¼ 1∗0:5þ 4∗0:25ð Þ= 1∗0:5þ 2∗0:25ð Þ
¼ 1:5=1 ¼ 1:5 antibodies per cluster:

We begin by assuming a value for JEGFR and
use experiment to guide the value for fraction
antibody bound (Eq. 4.6) and then evaluate Jtheory
using the binomial formula and Eq. (4.4). The
value of J observed experimentally was then com-
pared with Jtheory. This process was repeated iter-
atively for each experimental <J> and fraction
antibody binding to estimate <JEGFR>.

We note that a model involving an average
cluster size is of course approximate. More
sophisticated approaches, which take into multi-
ple oligomeric states or multivalency of
nanoparticles, await further experimental and the-
oretical developments.

Statistics Results were expressed as mean and
standard error of the mean. The variance of each
group of data was compared with a two-tailed
F-test following an F-distribution under the null
hypothesis (data sets have equal variances). A
two-tailed t-test following a Student’s
t distribution under null hypothesis (data sets
with equal means) was used to compare the dif-
ferent groups of data. During the data analysis, a
probability lower than 0.05 ( p < 0.05) was con-
sidered to be statistically significant.

4.4 Results and Discussion

4.4.1 Preactivated EGFR Oligomers
and EGF-Activated EGFR
Oligomers in HeLa Cells

Figure 4.1a shows a schematic of EGFR mono-
mer structure illustrating the different receptor
sections and intracellular EGFR tyrosine residues.
In our study, we targeted phosphorylation of
Y845 and Y1173 to gain information on different
phosphorylation sites within the receptor. Y845 is
located in the activation loop of the kinase

domain and phosphorylation of Y845 is responsi-
ble for stabilizing the active kinase
(by destabilizing an (inactive) disordered confor-
mation of the kinase) (Shaw et al. 2014). Phos-
phorylation of EGFR Y845 in EGFR (which
occurs via EGFR activation and/or by phosphor-
ylation by c-Src) is also linked to EGFR signal
amplification, mitogenesis and cell proliferation
(Tice et al. 1999; Shaw et al. 2014). Y1173 is
located in the c-terminal portion of the EGFR
cytoplasmic domain, distal from the kinase
domain. Phosphorylation of Y1173 is associated
with binding of SH2-domain proteins including
PLCγ and SHIP.

HeLa cells were stimulated with 24 nM EGF-T
for 15 min at 37 �C and labelled for anti-EGFR-
phosphotyrosine Y845 (pY845) and anti-EGFR-
phosphotyrosine Y1173 (pY1173). Cell-by-cell
information on EGFR phosphorylation was
obtained with quantitative confocal immunofluo-
rescence microscopy. A typical image of HeLa
cells immunolabelled with pY845 is displayed in
Fig. 4.1b. In agreement with Oyarizin et al.
(Oyarizin et al. 2014), robust increases in EGFR
phosphorylation were detected following stimula-
tion with EGF.

To evaluate the number of phosphor-tyrosines
per EGFR cluster, we used photobleaching image
correlation spectroscopy (pbICS). This approach
relies on the principle that the survival probability
of clusters during photobleaching is dependent on
the total number of fluorophores per cluster. Con-
sequently, a plot of the cluster density as a func-
tion of remaining fluorescent intensity provides
an estimation of the cluster size distribution
within the analysed area (Ciccotosto et al. 2013;
Lajevardipour et al. 2015). .

From the analysis of several sets of cells (see
Materials and Methods), we extracted the popula-
tion average cluster density (CD, clusters/square
micron), the population average cluster size
(or brightness, J in mAb/cluster) and the average
density of molecules (CDJ, mAb/square micron).
These parameters are collected in Tables 4.1 and
4.2. We also produced histograms of the cluster
size distributions by grouping the data into two
categories: (i) density of molecules containing 1–2
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antibodies per cluster and (ii) density of molecules
containing >2 antibodies per cluster. These
histograms are presented in Figs. 4.2 and 4.3.

Table 4.1 summarizes the population-averaged
pbICS data for EGFR pY1173, while Fig. 4.2a
depicts the cluster size distribution of EGFR
pY1173 before and after stimulation with 24 nM
EGF-T. In the absence of EGF, EGFR oligomers
bound to pY1173 mAb dispersed at an average of
16 � 3 clusters per square micron and contained
1.3 � 0.3 mAb/cluster. All of the detected
clusters contained 1–2 antibodies per cluster
(Fig. 4.2a). Based on the average density of
detected antibodies (Table 4.1 CDJ, 21 mAbs/
square micron) and the EGFR cell surface expres-
sion of 50,000 EGFRs/ HeLa cell, we estimate
that the fraction of EGFRs bound to pY1173 mAb
is 0.42. Therefore, we estimated the average clus-
ter size of the EGFR as 2 EGFRs per cluster, i.e.
pre-clustered to some degree. Stimulation with
24 nM EGF-T increased the proportion EGFR
oligomers containing multiple phosphotyrosines
(from 0% to 71%, Table 4.1 and Fig. 4.2a) and
increased the average phospho-cluster size from

1.3 � 0.3 to 4.6 � 1 mAbs/cluster (Table 4.1). A
t-test revealed that the increase in average
phospho-cluster size was statistically significant
(mean1 ¼ 1.3, SEM1 ¼ 0.3; mean2 ¼ 4.6,
SEM2 ¼ 1; N1 ¼ N2 ¼ 20, p ¼ 0.0031). Making
the same calculation as previously, we estimate
that 0.9 of EGFR bound to pY1173 mAb in the
EGF-stimulated cells. Consequently, the
estimated EGFR cluster size for the
EGF-stimulated cells is about 5 EGFRs per
cluster.

The pbICS results for the pY845-detected
EGFR revealed qualitatively different behaviour,
as shown in Table 4.2 and Fig. 4.2b. In the serum-
starved cells, the pY845-detected EGFR clusters
dispersed as mainly lower-order phospho-clusters
containing 1–2 phosphotyrosines per cluster with
a minor population of phospho-clusters
containing greater than 2 phosphotyrosines per
cluster. The average phospho-cluster size was
2.4 � 0.3 mAb/cluster (Table 4.2). Based on the
number of detected antibodies (15 mAbs/square
micron) and the fractional antibody bound to
EGFR of 0.3 mAb/EGFR, we estimate that

Fig. 4.1 Tyrosine
phosphorylation on the
EGFR. (a) Schematic
representation of EGFR
monomer showing the
different receptor domains
and intracellular Tyr
residues. (b) Typical image
of activated EGFR in HeLa
cells after stimulation with
24 nM of EGF-T for 15 min
at 37 �C. (c) Same as (b) but
after stimulation with
48 nM EGF-T. Cells were
fixed and labelled for EGFR
pY845 before confocal
imaging. Scale bar denotes
a length of 30 μm
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pY845 is binding to higher-order EGFR clusters
with average size of 6 EGFRs/cluster. Stimulation
with EGF increased the proportion of EGFR
clusters containing multiple antibodies (from
11% to 46%, Table 4.2 and Fig. 4.2b) and
increased the average phospho-cluster size from
2.4 � 0.3 to 3.2 � 1 antibodies/cluster. A t-test
revealed that the increase in mean phospho-
cluster size was not statistically significant
(mean1 ¼ 2.4, SEM1 ¼ 0.3; mean2 ¼ 3.2,
SEM2 ¼ 1; N1 ¼ N2 ¼ 20, p ¼ 0.4483). Making
the same calculation as for untreated cells, the
fraction of antibody binding increased slightly
from 0.3 to 0.4, and the estimated cluster size of
EGF-treated EGFR remained at 6 EGFRs/cluster.

The pbICS results can be compared with a
single-molecule study of activated EGFR on
HeLa cells (Inchinose et al. 2004). The average
cluster size deduced from our pbICS
measurements with EGF-treated (24 nM)
receptors was 3.2 � 1 (pY845) activated EGFR/
cluster and 4.6 � 1 (pY1173) activated EGFR/

cluster. The average of the pY845 and pY1173
cluster sizes is 3.9 � 1 activated EGFRs per
cluster, and this value agrees reasonably well
(ca 20%) with the value of 3.1 activated EGFRs
per cluster from single-molecule measurements
on HeLa cells by Sako’s laboratory (Inchinose
et al. 2004). Sako’s experiments used a lower
concentration of EGF, which might explain the
lower cluster size value obtained.

The extrapolated (i.e. corrected for
sub-stoichiometric labelling) EGFR cluster sizes
obtained from the pbICS measurements can also
be compared with those derived from scanning
near-field optical microscopy experiments.
Abulrob (Abulrob et al. 2010) found a modal
population of 6 EGFR per cluster corresponding
to the EGF-treated cells, which agrees remarkably
well with 5–6 EGFR/cluster using our pbICS
approach.

The level of EGFR phosphorylation estimated
for pY1173 from antibody immunofluorescence
and pbICS approaches the maximum of 100%

Table 4.1 pbICSa parameters for phosphorylated pY1173 EGFR in cervical cancer cells

Treatment CDb (�SEMc) Jd (�SEM) mAbe(�SEM) Oligomerf (%) Ng

Control 16 � 3 1.3 � 0.3 21 � 4 0 20
EGF 10 � 3 4.6 � 1 46 � 9 71 20
NR control 9 � 3 4.3 � 1 44 � 9 100 20
NR-EGF 2 � 0.3 5.8 � 1 14 � 2 90 20
aConfocal microscopy: excitation, 488 nm; emission 500–530 nm
bCD, calculated average density of clusters, clusters per square micron
cSEM, standard error of the mean
dJ, average cluster size, antibodies per cluster
emAb, total density of detected antibodies, antibodies per square micron
fOligomer percentage, ratio of no. of antibodies in higher-order clusters/no. of antibodies in total
gN, number of independent photobleaching experiments

Table 4.2 pbICSa parameters for phosphorylated pY845 EGFR in cervical cancer cells

Treatment CDb (�SEMc) Jd (�SEM) mAbe (�SEM) Oligomerf (%) Ng

Control 7 � 2 2.4 � 0.3 15 � 5 11 20
EGF 6 � 2 3.2 � 1 19 � 6 46 20
NR control 3 � 1 8.3 � 1 24 � 8 95 20
NR-EGF 3 � 1 5.2 � 1 16 � 5 81 20
aConfocal microscopy: excitation, 488 nm; emission 500–530 nm
bCD, calculated average density of clusters, clusters per square micron
cSEM, standard error of the mean
dJ, average cluster size, antibodies per cluster
emAb, total density of detected antibodies, antibodies per square micron
fOligomer percentage, ratio of no. of antibodies in higher-order clusters/no. of antibodies in total
gN, number of independent photobleaching experiments
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under our conditions of EGF treatment, as
expected. This indicates that any observed
sub-stoichiometric binding is a result of reduced
EGFR phosphorylation and not reduced mAb
concentration. The lower level of pY845 as com-
pared to pY1173 in the EGF-treated cells is con-
sistent with the lower level of phosphorylation
reported for phosphotyrosines proximal to the
kinase domain as compared with those proximal
to the tail (Huang et al. 2016).

Taken together, the pbICS experiments appear
to be complementary to other biophysical
approaches on HeLa cells. We next investigate
the effect of nanoparticle and nanoparticle-EGF
stimulation on the distribution of activated
EGFRs.

4.4.2 Activation of EGFR with NRs
and EGF-NRs

It is known that some nanoparticles can stimulate
EGFR phosphorylation at a similar level to
growth factor stimulation and lead to downstream
signalling (Rauch et al. 2012). To address this
possibility, the cluster size distributions of
EGFR pY845 and EGFR pY1173 after treatment
with non-conjugated (i.e. BSA-coated) Au NRs
were also determined. Overall, EGFR treated with
NRs exhibited phosphorylation at both Y845 and
Y1173 residues. When compared to soluble
24 nM EGF-treated EGFR, the pY1173 on
NR-treated EGFR showed a comparable overall
level of phosphorylation at the cytoplasmic tail
site (total pY1173 density of 44 antibodies per
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Fig. 4.2 Basal- and EGF-induced activation of EGFR
produces lower-order and higher-order activated
phospho-clusters on HeLa cells (a) pbICS on
mAb-labelled pY1173 detects partially activated EGFR
dimers in the absence of ligand. EGF-T increases higher-
order oligomers containing multiple pY1173. (b) pbICS
on mAb-labelled pY845 detects partially activated EGFR
oligomers in the absence of ligand. EGF-T increases the

activation of the preformed oligomers. Red bars denote
total density of detected pY1173 (in units of number of
mAb/square micron), and black bars denote concentration
of pY845 (in units of number of mAb/square micron). 1–2
refers to EGFR oligomers containing 1 or 2 anti-
phosphotyrosine mAbs per oligomer, and > 2 refers to
EGFR oligomers containing greater than 2 anti-
phosphotyrosine mAbs per oligomer
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square micron (NR) versus 46 antibodies per
square micron (24 nM EGF-T)) but greater pro-
portion of activated receptors in higher-order
oligomers (Tables 4.1, 4.2 and Fig. 4.3).

NR-treated EGFR was slightly elevated for
pY845 phosphorylation compared to
EGF-treated EGFR (24 c/f 19 pY845 per square
micron) which was reflected in a greater propor-
tion of phosphorylated higher-order oligomers
(Table 4.2, J ¼ 8.3 � 1 mAb/cluster; Fig. 4.3,
20 mAbs/square micron in oligomers).

In order to assess the influence of EGF spatial
organization on EGFR phosphorylation, we
activated EGFR with 100-nm-long gold NRs con-
jugated with EGF. The cluster size distribution of
EGFR pY845 and EGFR pY1173 in HeLa cells
treated with EGF-NRs is depicted in Fig. 4.3.

EGF-NR decreased the average density of
detected pY1173 significantly, as compared to
the NR control (Table 4.1 from 44 mAb/square
micron to 14 mAb/square micron). In the context
of average cluster densities and cluster sizes,
NR-EGF decreased the density of pY1173
clusters from 9 � 3 clusters/square micron
(NR control) to 2 � 0.3 clusters/square micron
(EGF-NR) significantly (t-test, N ¼ 20,
p ¼ 0.0257). However, the change in average
phospho-cluster size was not statistically signifi-
cant (mean1 ¼ 4.3, SEM1 ¼ 1, mean2 ¼ 5.8,
SEM2 ¼ 1, N ¼ 20, p ¼ 0.2955). Therefore, the
large decrease in overall phosphorylation at
Y1173 through NR-EGF can be attributed to a
change in the density of activated EGFR clusters.
We propose that the EGF bound to the NR
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Fig. 4.3 NR- and EGF-NR-induced activation of EGFR
on HeLa cells. (a) pbICS on mAb-labelled pY1173 detects
activated EGFR oligomers in the presence of NRs.
EGF-NR decreases higher-order oligomers containing
multiple pY1173. (b) pbICS on mAb-labelled pY845
detects partially activated EGFR oligomers in the presence
of NRs. EGF-NR decreases the activation of the
preformed oligomers. Red bars denote total density of

detected pY1173 (in units of number of mAb/square
micron), and black bars denote total density of pY845
(in units of number of mAb/square micron). 1–2 refers to
EGFR oligomers containing 1 or 2 anti-phosphotyrosine
mAbs per oligomer, and > 2 refers to EGFR oligomers
containing greater than 2 anti-phosphotyrosine mAbs per
oligomer
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restricts the EGFR spatially so that access of the
cytoplasmic tail on one EGFR to a proximal
kinase on another EGFR is minimized.

pY845 detected EGFR clusters remained at the
same average density when treated with NR or
NR-EGF (both 3� 1 pY845 mAb clusters/square
micron) but decreased significantly in average
phospho-cluster size for the NR-EGF-treated
cells (8.3 � 1 pY845mAb/cluster (NR treated)
to 5.2 � 1 pY845 mAb/cluster (NR-EGF treated)
( p ¼ 0.0346). The change in overall phosphory-
lation in Y845 with application of NR-EGF
appears to be reflected in a decrease in activation
within the clusters. In this case, the geometry of
EGFR bound to the nanoparticles also reduces the
phosphorylation efficiency of EGFR (as in the
case of pY1173) but not the detected number of
phospho-clusters.

Taken together the results of the NR-EGF
treatment cause a reduction in phosphorylation
of residues in the kinase domain and in the tail
of the EGFR. We attribute these reductions in
phosphorylation to the spacing of EGF on the
nanoparticle surface which allows the EGFR to
bind locally as a monomer or dimer and prevents
trans-phosphorylation between dimers needed for
full phosphorylation.

4.4.3 ERK Activation

Phosphorylation of EGFR triggers the activation
of different downstream signalling pathways. The
MAPK pathway, which includes phosphorylation
of Sos, Ras, Raf, Mek and Erk proteins, is critical
for the regulation of cell proliferation and survival
(Oyarizin et al. 2014). To investigate the link
between EGFR Tyr phosphorylation and activa-
tion of MAPK pathway, we measured activation
(phosphorylation) of nuclear Erk1/2 (ppErk1/2)
using an immunofluorescence approach applied
previously (Oyarizin et al. 2014).

Figure 4.4a shows a typical image of HeLa
cells labelled for ppErk1/2 (green) and propidium
iodide (PI, red) after stimulation with 24 nM of

EGF-T confirming the nuclear localization of the
phosphorylated ERK.

As expected (Oyarizin et al. 2014), HeLa cells
stimulated with EGF-T triggered the activation of
the MAPK pathway which resulted in an
enhanced fluorescence from the anti-phospho-
ERK antibody in the nucleus (Fig. 4.4b, c,
24 nM EGF-T, nuclear p-ERK 75% increase).

The EGF-NRs revealed interesting behaviour
(Fig. 4.4c). EGF-NRs decreased the activation of
ERK relative to NR control (nuclear fluorescence
of ppErk1/2 decreased by about 20%) which
might be linked to the significant decrease in
EGFR cytoplasmic tail phosphorylation (total
pY1173 (relative to control)).

We looked for correlations between the
parameters defining the phosphorylation of
EGFR and the phosphorylation of ERK. Amongst
all the parameters, we found a positive linear
correlation (R2 ¼ 0.92) between the average den-
sity of activated higher-order phospho-clusters
(pY1173) (Figs. 4.2a and 4.3a) from pbICS
measurements and nuclear p-ERK fluorescence
for control, NR, NR-EGF and EGF samples.
The relevant values for the density of HO
phospho-clusters (mAbs/square micron) were in
order of increasing values 0, 12, 32 and 40, and
the corresponding p-ERK (immunofluorescence,
a.u.) values were 425, 650, 750 and 830 for con-
trol and NR-EGF-, EGF- and NR-treated cells.

Taken together, these data supported the
hypothesis that the nanotechnology-driven per-
turbation of the spatial organization of EGFRs at
the cell membrane (with gold EGF-NR) can influ-
ence the phosphorylation pattern of the EGFR
and downstream signalling activation. To our
knowledge, this is the first experimental valida-
tion of this phenomenon for the EGFR.

4.5 Conclusion

We employed a powerful new tool, pbICS, to
quantitatively determine densities and sizes of
labelled activated receptor complexes on the sur-
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face of cervical cancer cells. Our studies add to a
body of work linking higher-order EGFR oligo-
merization with phosphorylation. First, full phos-
phorylation of pY1173 and partial phosphorylation
of pY845 correlated with higher-order EGFR
oligomers in cervical cancer cells. EGF or NR
could induce higher-order EGFR oligomerization
which increased the phosphorylation of pY1173,
while pY845 was associated with preformed
higher-order oligomers in the cancer cell environ-
ment and, therefore, less affected by EGF or NR
treatments. These observations are consistent with
the work of Martin-Fernandez and Kuriyan
laboratories who both concluded that phosphory-
lation of tyrosines proximal to the EGFR kinase
required higher-order oligomers and tyrosines
proximal to the C-terminus was enhanced in
higher-order oligomers (relative to dimers)
(Needham et al. 2016; Huang et al. 2016).

EGF-NR produced distinct changes to the distribu-
tion of activated EGFR, reducing the density of
pY1173 clusters while at the same time reducing
the cluster size of pY845 clusters. These results
suggest that the linkage between the cell receptor
surface distribution and phosphorylation site is
complex and warrants further investigation.

The findings reported here represent a step
towards understanding how receptor clustering
affects the EGFR signalling cascades and provide
proof of concept for new drug-targeting strategies
that prevent or disrupt receptor higher-order olig-
omerization and activation. Given that EGFR is
associated with proliferation and tumorigenicity
in cancer cells (Abulrob et al. 2010), the ability to
block phosphorylation of this receptor using
nanotechnology via interference with higher-
order oligomers may find potential application
in future clinical settings.
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Fig. 4.4 Activation of MAPK with EGF, NR and EGF-
NR (a) Typical image of HeLa cells after stimulation with
24 nM of EGF-T for 15 min at 37 �C. Cells were fixed and
labelled for ppErk1/2 (in green) and PI (in red) prior to
confocal imaging. Scale bar is 30 μm. (b) Example of
analysis to distinguish between cytoplasmic and nuclear

activation of ppErk1/2. Cell borders were contoured in DIC
imaging mode, while nuclear regions were highlighted by PI
staining. (c) Quantification of nuclear activation of ppErk1/
2 in HeLa cells after serum starvation (control), EGF-T
treatment, NR treatment and EGF-NR treatment for 15 min
at 37 �C. Length of bars represent fluorescence signal
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Factors Influencing the Chaperone-Like
Activity of Major Proteins of Mammalian
Seminal Plasma, Equine HSP-1/2
and Bovine PDC-109: Effect
of Membrane Binding, pH and Ionic
Strength

5

Cheppali Sudheer Kumar, Bhanu Pratap Singh, Sk. Alim,
and Musti J. Swamy

Abstract

HSP-1/2 and PDC-109 belong to a family of
fibronectin type II proteins, present in high
concentrations in bovine and equine seminal
plasma, respectively. These proteins act as
extracellular small heat shock proteins and
protect target/client proteins against various
kinds of stress. They also exhibit characteristic
binding to choline phospholipids present on
the sperm plasma membrane and cause efflux
of choline phospholipids and cholesterol,
resulting in sperm capacitation. The current
study demonstrates that hypersaline conditions
decrease the chaperone-like activity (CLA) of
HSP-1/2. On the other hand, lipoprotein
aggregates formed by the binding of choline
phospholipids to this protein exhibit higher
CLA than HSP-1/2 alone in vitro; the
increased CLA can be correlated to the
increased surface hydrophobicity of the

lipoprotein aggregates. Presence of cholesterol
in the membrane was found to decrease such
enhancement in the CLA. We have also
observed that salinity of the medium affects
the chaperone activity by altering the polydis-
perse nature of the HSP-1/2. Together these
results indicate that hydrophobicity and poly-
dispersity are important for the chaperone-like
activity of HSP-1/2 and factors that can alter
these properties of HSP-1/2 can modulate its
CLA. Further, studies on PDC-109 show that
the chaperone-like and membrane-
destabilizing activities of this protein are dif-
ferentially affected by change in pH.

Keywords

Seminal plasma protein · Molecular
chaperone · Fluorescence spectroscopy ·
Circular dichroism · Aggregation assay · pH
switch · Capacitation · Membrane
destabilization · Hydrophobicity

5.1 Introduction

Peripheral proteins are a diverse class of proteins
which interact with the membrane surface or
exhibit partial penetration, but do not span its
entire thickness. Their interaction with
membranes may be mediated by electrostatic
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and/or hydrophobic interactions, anchoring
molecules or specific lipid-protein interactions
(Marsh et al. 2002; Whited and Johs 2015). One
such specific interaction that regulates sperm mat-
uration is the binding of seminal fibronectin type
II (FnII) proteins to the choline phospholipids
present on the sperm plasma membrane. The
seminal FnII proteins are secreted from the acces-
sory sex glands into seminal plasma, which is the
semi-liquid portion of the semen. Sperm cells as
such cannot interact with the egg, but during their
stay in the female reproductive tract, they
undergo capacitation, a maturation process in
which morphological and biochemical changes
occur in the sperm plasma membrane enabling
sperm to interact with egg. During ejaculation,
seminal FnII proteins attach to sperm surface
and play a major role in sperm capacitation.
They bind to the sperm surface through choline
phospholipids and remove cholesterol (Chol) and
phospholipids from the plasma membrane, a pro-
cess termed cholesterol efflux. This efflux
increases the fluidity of the plasma membrane,
which in turn facilitates the acrosome reaction
(Manjunath and Therein 2002; Plante et al. 2016).

PDC-109 and HSP-1/2 are major FnII proteins
present at high concentrations in bovine and
equine seminal plasma, respectively. PDC-109
is the best characterized protein of this family.
The interaction between PDC-109 and choline
phospholipids and various factors affecting it
have been extensively characterized using various
biophysical and biochemical methods, as this
interaction is crucial for sperm capacitation
(Swamy 2004; Desnoyers and Manjunath 1992;
Gasset et al. 2000; Ramakrishnan et al. 2001;
Greube et al. 2001; Wah et al. 2002; Swamy
et al. 2002; Thomas et al. 2003; Anbazhagan
and Swamy 2005; Anbazhagan et al. 2008,
2011; Damai et al. 2015). The major protein of
horse seminal plasma, HSP-1/2, is the equine
analogue of PDC-109. It is a mixture of two
proteins, HSP-1 and HSP-2, which have the same
amino acid sequence but differ in N-terminal
flanking region and degree of glycosylation
(Calvete et al. 1995). Studies on the interaction
of HSP-1/2 with choline phospholipids have
shown that the binding involves tryptophan

residues and that the protein partially penetrates
into the membrane hydrophobic core, which
disrupts the membrane integrity, resulting in the
formation of lipoprotein aggregates/particles
(Greube et al. 2004; Kumar et al. 2016; Kumar
and Swamy 2016a).

It is now well established that the major FnII
proteins of bovine and equine seminal plasma
exhibit chaperone-like activity (CLA). Studies car-
ried out on the CLA of PDC-109 and HSP-1/
2 have shown that they can protect various proteins
against thermal and chemical stress (Sankhala and
Swamy 2010; Sankhala et al. 2011, 2012).
HSP-1/2 was also shown to protect target proteins
and small molecules against oxidative stress
(Kumar and Swamy 2016b). The chaperone activ-
ity of HSP-1/2 was found to be inversely correlated
to its membrane-destabilizing activity, with the
two activities being regulated by a pH switch
(Kumar and Swamy 2016a). Various external
factors such as surfactants and L-carnitine were
found to modulate the CLA of HSP-1/2 (Kumar
and Swamy 2017a, b). Modulation of the CLA of
HSP-1/2 by phosphorylcholine (PrC) and
L-carnitine indicates that molecules containing
choline/choline-mimicking moiety can alter
the CLA of HSP-1/2. In the present study, we
have investigated the effect of choline
phospholipids, which are the physiological ligands
of HSP-1/2, as well as the effect of high salt in the
medium (hypertonic saline) on the CLA of HSP-1/
2. We have also investigated the effect of varying
the pH on the membranolytic and chaperone-like
activities of PDC-109, which revealed an inverse
relation between these two activities regulated by a
pH switch, similar to that observed with HSP-1/2
(Kumar and Swamy 2016a).

5.2 Materials and Methods

5.2.1 Materials

Carbonic anhydrase, phosphorylcholine chloride
calcium salt, heparin-agarose type I beads,
8-anilinonaphthalene sulphonic acid (ANS), 4,40-
Dianilino-1,10-binaphthyl-5,50-disulphonic acid
(bis-ANS) and DEAE Sephadex A-25 were
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obtained from Sigma (St. Louis, MO, USA).
p-Aminophenyl phosphorylcholine-agarose col-
umn was obtained from Pierce Chemical
Co. (Oakville, Ontario, Canada). Dimyristoyl
phosphatidylcholine (DMPC), dimyristoyl
phosphatidylglycerol (DMPG) and cholesterol
were obtained from Avanti Polar Lipids (Alabas-
ter, AL, USA). Lactate dehydrogenase (LDH),
alcohol dehydrogenase (ADH), enolase (ENL),
tris base and other chemicals were purchased
from local suppliers and were of the highest
purity available.

5.2.2 Purification of HSP-1/
2 and PDC-109

HSP-1/2 was purified from seminal plasma col-
lected from healthy horses by affinity chromatog-
raphy on heparin-agarose and p-aminophenyl
phosphorylcholine followed by reverse phase
HPLC as described earlier (Calvete et al. 1995;
Sankhala et al. 2012). The purified protein was
dialyzed against 50 mM tris buffer, pH 7.4,
containing 0.15 M NaCl and 5 mM EDTA
(TBS). PDC-109 was purified from bovine semi-
nal plasma by gel filtration on Sephadex G-50,
followed by affinity chromatography on DEAE
Sephadex A-25, essentially as described earlier
(Calvete et al. 1996; Ramakrishnan et al. 2001).

5.2.3 Aggregation Assay
to Investigate the Chaperone
Activity of HSP-1/2

Chaperone activity of HSP-1/2 was assayed by
monitoring its ability to prevent thermal aggrega-
tion employing carbonic anhydrase (CA) as the
substrate protein. CA was incubated at 48 �C, and
its aggregation was monitored by recording light
scattering at 360 nm as a function of time in a Cary
100 UV/visible spectrophotometer. A fixed con-
centration of HSP-1/2 was pre-incubated with CA
in TBS for 5 min at room temperature, and then
aggregation assays were performed as described
in previous studies with other client proteins
(Sankhala et al. 2012). Aggregation profile for
the native enzyme was taken as 100%, and percent

aggregation of other samples was calculated with
respect to native enzyme. Percent protection was
obtained by the expression: percent protec-
tion ¼ 100 – percent aggregation.

5.2.4 Effect of Salt on the CLA of HSP-
1/2

Effect of high ionic strength medium on the CLA
of HSP-1/2 was investigated by aggregation
assays performed at 48 �C as described above,
using CA and alcohol dehydrogenase (ADH) as
target proteins. HSP-1/2, dialyzed extensively
against 10 mM Mops buffer containing 50 mM
EDTA and 0.5 M NaCl (pH 7.4), was used in
these studies. The target enzymes were also
suspended in the same buffer. HSP-1/2 in
10 mM Mops buffer (pH 7.4) without salt and
EDTA was used as the control. Relative chaper-
one activity was calculated in terms of the protec-
tion offered by HSP-1/2 with respect to the target
enzyme’s aggregation alone.

5.2.5 Preparation of Liposomes

Lipids taken in a glass tube were dissolved in
either dichloromethane or dichloromethane-
methanol mixture and were dried under a gentle
stream of nitrogen gas. After removing the
remaining traces of solvent by vacuum desicca-
tion for 3–4 h, the lipid film was hydrated with
TBS to give the desired lipid stock concentration.
Small unilamellar vesicles (SUVs) were prepared
by subjecting the hydrated lipid suspension to
3–4 freeze-thaw cycles followed by sonication
for 30 min in a bath sonicator above the
gel-liquid crystalline phase transition
temperature.

5.2.6 Investigating the Effect
of Phospholipids on the CLA
of HSP-1/2

Chaperone activity of HSP-1/2 was measured by
monitoring protection offered by HSP-1/2 to sub-
strate proteins (LDH and enolase) in thermal
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aggregation assays (Sankhala et al. 2012). To
investigate the effect of lipid binding on the
CLA of HSP-1/2, 0–6 μM of individual lipids
(DMPC or DMPG) was mixed with a fixed con-
centration of HSP-1/2 and incubated for
5–10 min. The target protein (LDH/enolase) was
incubated with this mixture for 5 min, and the
aggregation assay was performed by monitoring
the turbidity resulting from the formation of
aggregates, as described above. In order to inves-
tigate the effect of cholesterol incorporation in
DMPC vesicles on the CLA of HSP-1/2, small
unilamellar vesicles of DMPC/cholesterol (3:1,
mol/mol) were prepared as described above, and
the chaperone assay was performed by
pre-incubating HSP-1/2 with the DMPC/choles-
terol mixture followed by the aggregation assay
using LDH/enolase as the target protein.
Concentrations of HSP-1/2, LDH, enolase and
the lipids used are given in the appropriate figure
legends.

5.2.7 Fluorescence Spectroscopy

Fluorescence spectroscopic studies were carried
out on a Spex Fluoromax-4 fluorescence spec-
trometer at room temperature with excitation
and emission band-pass filters set at 2 and 3 nm,
respectively. Studies on the binding of ANS to
HSP-1/2 were performed by adding small
aliquots of the probe from a 1 mM stock solution
to ~1.1–1.6 μM HSP-1/2, taken in a 1 cm � 1 cm
path length rectangular quartz cuvette. Samples
were excited at 350 nm, and emission spectra
were recorded from 450 to 600 nm. Fluorescence
intensities were corrected for dilution effects and
for contribution from the free ligand determined
in parallel titrations of ANS with buffer alone.
The results presented are average values from
three independent experiments.

Interaction of bis-ANS with HSP-1/2,
phospholipids and their mixture was investigated
by fluorescence spectroscopy as described above.
Samples containing HSP-1/2, phospholipids and
their mixtures as described in the legend to
Fig. 5.3 were prepared. The concentrations used
were HSP-1/2 (~3 μM), bis-ANS (5 μM) and

phospholipids (~10 μM). Samples were excited
at 385 nm, and emission spectra were recorded
between 450 and 650 nm. Slit widths of 2 and
3 nm were used on the excitation and emission
monochromators, respectively. All results
reported are average values from two independent
experiments (with standard deviations <5%).

5.2.8 Circular Dichroism
Spectroscopy

CD spectra of HSP-1/2 alone and in the presence
of different lipids (DMPC, DMPG and DMPC:
cholesterol (4:1, mol/mol)) were recorded on an
Aviv model 420 CD spectrometer (Aviv Biomed-
ical, Lakewood, NJ, USA). All measurements
were performed using a 2 mm path length rectan-
gular quartz cell. Concentration of HSP-1/2 was
0.5 mg/ml (~33 μM), and that of different lipids
was 0.1 mM. All samples were dispersed in TBS.

5.2.9 Effect of pH on the CLA of PDC-
109

To investigate the effect of pH on the CLA of
PDC-109, aggregation assays were carried out at
different pH essentially as described earlier for
studies with HSP-1/2 (Kumar and Swamy
2016a). At each pH, the protection offered by
PDC-109 to the target protein (ADH) alone was
calculated as described in the above sections.

5.2.10 Erythrocyte Lysis Assay

Disruption of erythrocyte membranes by
PDC-109 was investigated by absorption spec-
troscopy as described earlier for HSP-1/
2 (Kumar and Swamy 2016a). Different amounts
of PDC-109 and 100 μL of 4% erythrocyte sus-
pension in TBS were mixed in a test tube, and the
volume was adjusted to 1.0 mL with TBS. The
sample was then incubated for 1 h and centrifuged
at 1500 � g for 5 min. The supernatant was
collected, and its absorbance at 415 nm
(corresponding to the haem moiety) was

56 C. S. Kumar et al.



measured using an Agilent Cary 100 UV-Vis
spectrophotometer. For studying the pH depen-
dence, 200 μL of 4% erythrocyte suspension in
TBS was taken, and 800 μL of buffer of desired
pH was added and centrifuged at 1500 � g for
5 min. The clear supernatant was decanted, and
total volume was made up to 1.0 mL with buffer
of desired pH. This was repeated twice to ensure
complete exchange of the buffer, and then the
assay was carried out as described above. Results
from a minimum of three independent
experiments are presented together with standard
deviations.

5.3 Results and Discussion

5.3.1 HSP-1/2 Inhibits Thermal
Aggregation of CA

Aggregation assays aimed at investigating the
effect of HSP-1/2 on the thermal aggregation of
CA are shown in Fig. 5.1. Similar to many other
proteins, CA aggregates and precipitates when
incubated at high temperatures resulting in an
increase in the turbidity of the sample as shown
in curve 1. In the presence of HSP-1/2, this aggre-
gation decreases in a concentration-dependent
manner. In the presence of 0.02 mg/mL HSP-1/
2, ~72% aggregation was observed compared to
native enzyme alone. In the presence of 0.05 mg/
ml and 0.075 mg/ml of HSP-1/2, the aggregation
decreased to 58% and 17%, respectively. These
results further support our previous reports that
HSP-1/2 exhibits CLA by inhibiting the thermal
aggregation of a variety of proteins (Sankhala
et al. 2012; Kumar and Swamy 2016a).

5.3.2 Effect of High Salinity on CLA
of HSP-1/2

Results of turbidimetric assays aimed at
investigating the effect of high salinity on the
CLA of HSP-1/2 using CA and ADH as target
proteins are shown in Fig. 5.2. Incubation of CA
at 48 �C resulted in an increase in the turbidity of

the solution, and pre-incubation with HSP-1/2-
resulted in a significant decrease in the turbidity,
with only 25% aggregation being seen, as com-
pared to that observed with CA alone. When the
assay was performed with CA in the same buffer
containing 50 mM EDTA and 0.5 M NaCl, sig-
nificant increase in the turbidity is observed com-
pared to that observed with CA in buffer without
EDTA and NaCl. Decrease in the aggregation
was rather small (~15%) when CA was
pre-incubated with HSP-1/2 in buffer containing
0.5 M NaCl and 50 mM EDTA as compared to
that observed (~75%) when the assay was done in
buffer with no added salts. This could be because
of two reasons. One reason for this could be that
the increase in the turbidity of the target protein
indicates more aggregates of CA are formed in
the presence of high salt that may exceed the
turnover of HSP-1/2. Hence HSP-1/2 cannot
interact with all the aggregates and decrease the
sample turbidity resulting in decrease in CLA.
Another reason is related to the structural changes
associated with the HSP-1/2 in the hypersaline
conditions. Previous reports have shown that, in
the presence of high salt concentration, FnII
proteins (PDC-109 and HSP-1/2) lose their poly-
disperse nature and become monomeric/dimeric
in nature (Gasset et al. 1997; Sankhala et al. 2011;
Calvete et al. 1997). As polydispersity is shown
to be important for the CLA of HSP-1/2, this
decrease in polydispersity can be correlated to
the decrease in the CLA of HSP-1/2 (Sankhala
et al. 2012). To investigate this further, we have
carried out a similar assay with ADH as target
protein. ADH alone has shown somewhat similar
aggregation in the absence and in the presence of
salt (as compared to CA, which showed large
differences in the aggregation levels in the pres-
ence and absence of salt). Pre-incubation of ADH
with HSP-1/2 in buffer containing high ionic
strength resulted in only 17% decrease in the
aggregation (activity), whereas incubation of
ADH with HSP-1/2 in buffer containing no
added salt resulted in ~81% decrease in the aggre-
gation. These results indicate that decrease in the
CLA of HSP-1/2 in high ionic strength buffers is
most likely due to structural changes associated
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with HSP-1/2 and not because of increase in
turbidity of the target protein. The present obser-
vation that high ionic strength decreases the CLA
of HSP-1/2, taken together with previous reports
that binding of PrC also decreases the chaperone
activity of this protein (Sankhala et al. 2012),
indicates that polydispersity is an important factor
for the CLA of HSP-1/2.

5.3.3 Effect of Phospholipid Binding
on the CLA of HSP-1/2

The effect of phospholipid binding on the CLA of
HSP-1/2 was assessed by turbidimetry, and the
results obtained are presented in Fig. 5.3. When
incubated at 48 �C, LDH aggregates resulting in
an increase in the turbidity of the sample as
shown in Fig. 5.3a, curve 1. Presence of HSP-1/
2 decreases this aggregation. At a LDH-to-HSP-
1/2 ratio of 3:1, the aggregation decreased to 55%
as compared to that of LDH alone (curve 2).
When HSP-1/2 was pre-incubated with 2 μM
DMPC, the aggregation decreased to 32.5%,
whereas in the presence of 6 μM DMPC, the
aggregation decreased further to ~15% (curves

3 and 4, respectively). HSP-1/2 incubated with
the same concentrations of DMPC did not show
any aggregation (data not shown). These results
indicate that presence of DMPC increases the
CLA of HSP-1/2. To investigate if this effect is
specific to the choline phospholipids, a similar
assay was carried out with HSP-1/2 pre-incubated
with DMPG vesicles. The results are shown in
Fig. 5.3c, d. From the figure, it can be clearly seen
that addition of DMPG did not have any signifi-
cant effect on the CLA of HSP-1/2; rather a slight
increase in the aggregation was observed,
indicating a slight negative modulation of the
CLA of HSP-1/2 by DMPG. Neither DMPC nor
DMPG has any significant effect on the aggrega-
tion profile of LDH alone.

Similar results were obtained when enolase
(ENL) was used as the target protein (Fig. 5.3e,
f). HSP-1/2 decreases the heat-induced aggrega-
tion of ENL to 48% compared to native ENL. The
aggregation further decreased to ~15% in the
presence of HSP-1/2 pre-incubated with 4 μM
DMPC. No such increase in the protective activ-
ity of HSP-1/2 upon interaction with DMPG was
observed. These results indicate that interaction
of DMPC modulates the CLA of HSP-1/2. This
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Fig. 5.1 Chaperone-like activity of HSP-1/2. (a)
Aggregation profiles shown correspond to (1) CA alone,
(2) CA+ 0.02 mg/mL HSP-1/2, (3) CA+ 0.05 mg/mL
HSP-1/2 and (4) CA+ 0.075 mg/mL HSP-1/2.

Concentration of CA was 0.1 mg/mL in all samples. (b)
Bar diagram representation of results shown in panel (a).
Black bars show percent aggregation, and grey bars repre-
sent percent protection
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could be because of two reasons. One is the
binding of DMPC induces structural changes in
HSP-1/2, which may in turn lead to changes in its
chaperone activity. Results of CD spectroscopic
studies show that binding of phospholipids, espe-
cially DMPC, induces changes in the tertiary
structure of HSP-1/2 (Fig. 5.4a). These structural
changes could be responsible for the observed
change in the CLA of HSP-1/2. The second rea-
son could be the formation of lipoprotein
aggregates of HSP-1/2 and DMPC. From our
earlier studies, it is clear that HSP-1/2 can desta-
bilize and solubilize the membrane and this bind-
ing leads to the formation of lipoprotein particles/
complexes (Kumar and Swamy 2016a). This for-
mation of lipoprotein complexes can alter the

changes in the hydrophobicity of the overall sys-
tem, as discussed in the following section.

5.3.4 Surface Hydrophobicity
of HSP-1/2

Surface hydrophobicity is an important factor that
is directly correlated to the chaperone activity of
many extracellular chaperones (Bakthisaran et al.
2015; Sheluho and Ackerman 2001). Chaperones
interact with their client proteins mostly through
hydrophobic patches present on their surface and
the hydrophobic patches on target protein, which
get exposed when subjected to stress (Moparthi
et al. 2010; Lee et al. 1997; Voellmy and
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Boellmann 2007). Hence it is very important to
characterize the surface hydrophobicity of
HSP-1/2 in order to understand the interface of
chaperone-client complexes. ANS and its dimer
bis-ANS are fluorescence probes which specifi-
cally bind to the hydrophobic patches present on
proteins and show a characteristic increase in
their quantum yield upon binding. As
hydrophobicity is found to be an important factor

and could be correlated with the chaperone activ-
ity of HSP-1/2 (Kumar and Swamy 2016a), we
have characterized the surface hydrophobicity of
HSP-1/2 by monitoring the interaction of ANS
and bis-ANS with HSP-1/2.

Fluorescence spectra and binding curve
corresponding to the titrations of HSP-1/2 with
ANS are shown in Fig. 5.4b, c. From these
figures, it is clear that addition of ANS to
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HSP-1/2, (3) + HSP-1/2 + 4 μM DMPC, (4) + HSP-1/
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DMPG. (f) Bar diagram showing percent aggregation
corresponding to curves in panel (e). The concentrations
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HSP-1/2 results in an increase in the fluorescence
intensity and leads to saturation at higher
concentrations. In these experiments, the concen-
tration of HSP-1/2 was kept very low such that
[ANS]bound < < [ANS]total and [ANS]total can be
considered as the free [ANS] for analysis and the
data were analysed by the Scatchard method as
described earlier for PDC-109 (Sankhala et al.
2011). From the slope of the Scatchard plot
given in Fig. 5.4d, the binding constant for the
association of ANS to HSP-1/2 was estimated to
be 1.06 (�0.2) � 104 M�1. From the intercept, a

number of binding pockets were found to be 1.16
indicating equimolar stoichiometry for the
ANS-HSP-1/2 association (Fig. 5.4d), which is
very similar to the interaction of ANS with other
small heat shock proteins such as PDC-109 and
α-crystallin (Sankhala et al. 2011; Liang and Li
1991). These results indicate that HSP-1/2-
contains hydrophobic patches on its surface that
accommodate one ANS molecule per HSP-1/
2 protomer.

In further experiments we investigated
changes in surface hydrophobicity of HSP-1/2 in
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the presence of DMPC using bis-ANS as a fluo-
rescence probe. Fluorescence spectra and relative
fluorescence intensities of bis-ANS alone and in
the presence of HSP-1/2, phospholipids and their
combinations are shown in Fig. 5.5a, b. A four-
fold increase was observed in the fluorescence
intensity of bis-ANS in the presence of HSP-1/2,
whereas the increase observed in the presence of
DMPG and DMPC vesicles was about 1.5-fold
and 2.5-fold, respectively, as compared to the
fluorescence intensity of bis-ANS in buffer. A
slight increase in the fluorescence enhancement
was observed for HSP-1/2-DMPG mixture (5.5
times) compared to that of HSP-1/2 alone (4.5
times). On the other hand, in case of HSP-1/2-
DMPC complex, the increase in fluorescence
intensity was observed to be ~1.6-fold higher
than that observed with HSP-1/2 alone and >
seven-fold higher as compared to buffer alone.

The larger increase in the fluorescence inten-
sity of the fluorescent probe indicates greater
exposure of the hydrophobic surfaces. It is well
known that HSP-1/2 intercalates into lipid
membranes, which results in their destabilization
and subsequent formation of the lipoprotein
aggregates (Kumar and Swamy 2016a). From
the above results, the lipoprotein aggregates
formed appear to have higher hydrophobicity
compared to HSP-1/2 alone, and this increase in
hydrophobicity could facilitate the interaction of
HSP-1/2 with client proteins, resulting in a sup-
pression of their aggregation. Interaction of
HSP-1/2 with DMPG is weaker as compared to
that with DMPC, due to which HSP-1/2 may not
intercalate into the hydrophobic core of DMPG
membranes to the same extent as with DMPC
membranes. Hence the exposure of hydrophobic
core of DMPG may not be the same as that of
DMPC, which in turn results in smaller changes
in the fluorescence intensity for the HSP-1/2-
DMPG complex compared to that of HSP-1/2-
DMPC complex, which could be correlated with
the marginal effect of DMPG binding on the CLA
of HSP-1/2.

5.3.5 Effect of Cholesterol
Incorporation into DMPC
Vesicles on CLA of HSP-1/2

It is clear from the above experiments that addi-
tion of DMPC vesicles increases (or potentiates)
the CLA of HSP-1/2. In further studies, we
investigated the effect of incorporation of choles-
terol – an important constituent of the sperm
plasma membrane besides choline phospholipids
– on the CLA of HSP-1/2. Results obtained from
studying this aspect using aggregation assays are
shown in Fig. 5.6. Incubation of LDH with
HSP-1/2 decreases its aggregation to 62% as
compared to native LDH, which is considered as
100% (Fig. 5.6a, b). Pre-incubation of HSP-1/
2 with DMPC vesicles reduced this aggregation
to ~31%, supporting the above results that DMPC
potentiates the CLA of HSP-1/2. When DMPC
vesicles containing cholesterol in a ratio of 3:1
were added, 45% aggregation was observed. Sim-
ilar results were obtained when enolase (ENL)
was used as the target protein (Fig. 5.6c, d).

The above results indicate that the presence of
cholesterol has a negative effect compared to
DMPC alone on the CLA of HSP-1/2; however,
in the presence of DMPC/Chol mixture, HSP-1/
2 still showed higher CLA than HSP-1/2 alone.
These results further support our model that the
lipoprotein complex formation is the reason for
the enhanced chaperone activity of HSP-1/2 in
the presence of DMPC. As cholesterol
incorporation imparts stability and rigidity to the
DMPC membrane, the membrane-destabilizing/
membrane-solubilizing ability of HSP-1/2 is
reduced leading to the formation of fewer lipo-
protein aggregates (Kumar and Swamy 2016a).
This was further supported by the decreased
hydrophobicity of HSP-1/2-DMPC/Chol com-
plex compared to that of HSP-1/2-DMPC
(Fig. 5.5b). Hence the addition of DMPC/Chol
vesicles did not lead to the increase in the CLA of
HSP-1/2 to the same extent as DMPC vesicles
alone. However, the possibility that interaction of
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cholesterol with CRAC (cholesterol recognition
amino acid consensus) motifs on the protein may
be responsible for its observed effect on the CLA
of HSP-1/2 (Scolari et al. 2010) cannot be
ruled out.

5.3.6 Effect of pH on the Chaperone-
Like and Membranolytic
Activities of PDC-109

It is known that environmental factors such as
salinity, temperature and other small molecules
affect the activity of chaperones (Bakthisaran
et al. 2015). pH is also an important factor that
was found to modulate the activity of various
small heat shock proteins including HSP-1/
2 (Kumar and Swamy 2016a). In order to

investigate whether the dependence of CLA on
pH of the medium is a common mechanism under
operation in the FnII proteins of mammalian sem-
inal plasma, we investigated the dual activities of
PDC-109 as a function of pH. Effect of the mem-
brane-destabilizing activity of PDC-109 was
investigated by using human erythrocytes as
model cell membranes as they share similar com-
position and stoichiometry of various lipids to
that of sperm plasma membrane. It is already
known that PDC-109 destabilizes the erythrocyte
membrane in a time- and concentration-
dependent manner (Damai et al. 2010). As
shown in Fig. 5.7, erythrocyte lytic activity of
PDC-109 was found to be high at the mildly
acidic pH of 6.0, which gradually decreased
with increase in the pH, and very low erythrocyte
lysis was observed at the mildly basic pH of 8.0.
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This observation is very similar to the pH depen-
dence of the erythrolytic activity of HSP-1/2,
which showed a significant decrease when the
pH was increased from pH 6.0 to 8.5 (Kumar
and Swamy 2016a).

Further, effect of pH on the chaperone-like
activity of PDC-109 (Sankhala and Swamy
2010) was investigated using ADH as a target
protein (Fig. 5.8a, b). From this figure, it can be
clearly seen that the CLA of PDC-109 is low at
mildly acidic pH (pH 6.5 and 6.0) and increases
with increase in the pH with the highest activity
been seen at pH 8.0 (Fig. 5.8c). Taken together
these results clearly demonstrate that both
activities of PDC-109, i.e. membranolytic and

chaperone-like activities, are inversely related to
each other and both activities are regulated by a
pH switch (Fig. 5.8d). This is an important obser-
vation as pH is known to play a key role in
various reproductive processes such as intracellu-
lar Ca2+ movement, protein tyrosine phosphory-
lation and hypermotility of spermatozoa
(Kirichok and Lishko 2011; McPartlin et al.
2009; Leemans et al. 2014). As PDC-109 is pres-
ent in the seminal plasma in high concentrations
as polydisperse oligomers and also in the
membrane-bound form (attached peripherally to
the sperm plasma membrane), any change in the
pH of the surrounding medium may affect its
activities. Since the pH of mammalian seminal
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Fig. 5.6 Effect of binding of phospholipid vesicles
containing cholesterol on the CLA of HSP-1/2. (a)
Aggregation profiles correspond to (1) LDH, (2) +
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Bar diagram showing percent aggregation corresponding
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0.015 mg/ml, respectively. (c) Aggregation profiles corre-
spond to (1) ENL, (2) + HSP-1/2, (3) + HSP-1/2 + 4 μM
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4 μM DMPC/Chol. The concentrations of ENL and
HSP-1/2 used in this assay are 0.1 mg/ml and 0.02 mg/
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plasma is mildly basic in nature, the reduced cell
membrane destabilization by PDC-109 at mildly
basic conditions is physiologically relevant as it
prevents premature destabilization of sperm
plasma membrane before reaching the egg. The
oviduct-bound sperm shows a time-dependent
rise in the pH (Leemans et al. 2014), which may
weaken the interaction of PDC-109 with
phospholipids and minimize the possibility of
premature capacitation. On the other hand, since
the spermatozoa encounter a hostile environment
(acidic pH) during their passage thorough the
female reproductive tract, increased CLA of
PDC-109 at low pH is expected to protect the
proteins of the seminal plasma and sperm mem-
brane, thus ensuring maintenance of the
spermatozoa in a healthy and reproductively
active state. In a previous study, we reported
that the membranolytic and chaperone-like
activities of the major equine seminal plasma
protein, HSP-1/2, are also regulated in a similar
way, with the CLA being high at mildly basic pH
but low at mildly acidic pH, whereas the
membranolytic activity was high at mildly acidic
pH but low at mildly basic pH, that is, the two
activities are inversely related and that a pH
switch regulates them (Kumar and Swamy

2016a). The present results demonstrate that a
similar mechanism operates in the bovine system,
suggesting a common mode of mechanistic regu-
lation of the dual functionality of seminal FnII
proteins across species.

In summary, the present study shows that the
CLA of HSP-1/2 can be altered/modified by
lipids and salinity of the medium. High salt
medium results in a decrease of the polydisperse
nature of HSP-1/2 and decreases its CLA,
whereas binding of choline phospholipids, the
physiological ligands of HSP-1/2, results in the
formation of lipoprotein complexes which exhibit
higher chaperone activity compared to that of
HSP-1/2 alone. This increase in CLA of HSP-1/
2 can be correlated with increased hydrophobicity
of the system in the presence of choline
phospholipids. Presence of cholesterol in the
membrane decreases the enhancement of the
CLA, which could be attributed to the increase
in the membrane rigidity and subsequent decrease
in the ability of HSP-1/2 to form the lipoprotein
complexes or direct interaction with CRAC
domain of HSP-1/2 or a combination of both.
This is an important result as the cholesterol efflux
caused by HSP-1/2 results in the formation of
lipoprotein aggregates in vivo. We propose that
such aggregates formed by the interaction of sem-
inal FnII proteins are functionally significant in
that they protect other proteins of the seminal
plasma against various kinds of stress. The pres-
ent results together with those obtained earlier
with PDC-109 suggest that membrane interaction
plays an important role in modulating the activity
of membrane-associated chaperones such as
Hsp12, spectrin and PDC-109 (Bhattacharyya
et al. 2004; Welker et al. 2010; Sankhala et al.
2011). Studies on the pH dependence of the
activities of PDC-109 indicate that a pH switch
regulates the membrane-destabilizing and
chaperone-like activities, with the two activities
being inversely correlated to each other. Our
results demonstrate that changing physiological
conditions such as ionic strength and pH and
membrane binding modulate the CLA of seminal
FnII proteins and impart new insights into our
understanding of the regulation of chaperone
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activity of these proteins by subtle changes in the
surrounding environment.
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Exploring the Mechanism of Viral
Peptide-Induced Membrane Fusion 6
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Abstract

Membrane fusion is essential in several cellular
processes in the existence of eukaryotic cells
such as cellular trafficking, compartmentaliza-
tion, intercellular communication, sexual repro-
duction, cell division, and endo- and exocytosis.
Membrane fusion proceeds in model
membranes as well as biological membranes
through the rearrangement of lipids. The stalk
hypothesis provides a picture of the general
nature of lipid rearrangement based on mechan-
ical properties and phase behavior of water-lipid
mesomorphic systems. In spite of extensive
research on exploring the mechanism of mem-
brane fusion, a clear molecular understanding of
intermediate and pore formation is lacking. In
addition, the mechanism by which proteins and
peptides reduce the activation energy for stalk
and pore formation is not yet clear though there
are several propositions on how they catalyze
membrane fusion. In this review, we have
discussed about various putative functions of
fusion peptides by which they reduce activation
barrier and thus promote membrane fusion. A
careful analysis of the discussed effects of
fusion peptides on membranes might open up
new possibilities for better understanding of the
membrane fusion mechanism.

Keywords

Membrane fusion · Bending energy · Void
space · Membrane curvature · Depth-
dependent membrane ordering · Fusion
peptide

6.1 Introduction

Membrane fusion, the merging of two closely
apposed lipid bilayers into a single bilayer, is
essential for the life of eukaryotic cells. Several
events such as cellular trafficking, sexual repro-
duction, compartmentalization, intercellular com-
munication, endo- and exocytosis, and cell
division are dependent on this basic process
(Primakoff and Myles 2002; Risselada et al.
2011; Sollner and Rothman 1994; Stein et al.
2004; Verkleij and Post 2000). Additionally,
enveloped viruses invade the host cell through
membrane fusion (Hughson 1997). Extensive
studies on understanding the fusion process led
to the agreement that fusion process proceeds in
both model membranes and protein-laden
biological membranes through rearrangement of
lipids (Chernomordik and Kozlov 2008; Lee and
Lentz 1998). The stalk hypothesis provides a
picture of the general nature of lipid rearrange-
ment based on mechanical properties and phase
behavior of water-lipid mesomorphic systems
(Kozlov et al. 1989; Malinin and Lentz 2004).
According to the stalk hypothesis, the outer
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leaflets of each bilayer merge to form the semi-
stable stalk intermediate (Yang and Huang 2003),
where the lipid arrangements are more similar to
the non-lamellar phase than the lamellar lipid
phases. The stalk evolves via a transmembrane
contact (TMC) to a semi-stable intermediate
(extended transmembrane contact, ETMC)
followed by the opening of a fusion pore (Lee
and Lentz 1997; Siegel 1999). A schematic repre-
sentation of stepwise fusion process has been
shown in Fig. 6.1.

Enveloped viruses exploit membrane fusion to
enter the host cell. Some viruses fuse with the
plasma membrane at the cell surface (Dimitrov
et al. 1991; Freed et al. 1990), whereas others gain
entry by receptor-mediated endocytosis followed
by fusion with the endosome (Earp et al. 2005;
Skehel and Wiley 2000). The fusion process is
triggered by either receptor-binding (as in the
entry of HIV) or low pH that prevails in the
endosome (as in the case of influenza). A special
class of proteins, namely, fusion proteins, present
in the viral envelope, play a crucial role in the
fusion of virus with the host cell. Furthermore, a
stretch of 20–25 amino acids at the N-terminus of
the fusion protein plays a key role in promoting

membrane fusion (Chakraborty et al. 2013, 2017;
Gething et al. 1986). This stretch of amino acids
is termed as “fusion peptide,” and mutations in
this region have been shown to block fusion-
mediated viral infection (Danieli et al. 1996;
Epand 2003; Li et al. 2005).

Despite extensive research on membrane
fusion, a decent molecular understanding of the
two key steps in the process, initial intermediate
formation and final pore formation, is lacking.
Moreover, the mechanism of reduction of activa-
tion energy for stalk and fusion pore formation,
by the membrane proteins and peptides, remains
unclear. The major challenge in this issue is posed
by the transient and unfavorable fluctuation in
lipid/water arrangement, which is difficult to
assess and characterize experimentally. In mech-
anistic terms, such unstable transient molecular
arrangements are viewed as activated
intermediates that provide free energy barrier for
a reaction. It is essential to understand these tran-
sient molecular arrangements (i.e., activation
barriers) if we are to identify the role of fusion
proteins in reducing these free energy barriers to
catalyze in vivo fusion process (Lentz et al.
2000). Several putative functions of fusion
peptides, in terms of their effect on the physical
properties and dynamics of the membrane, have
been proposed. In this report, we have discussed
the various putative functions of fusion peptides
in promoting membrane fusion.

6.2 Fusion Peptide Reduces
Bending Energy

To elucidate the effect of fusion peptide on bend-
ing energy, Tristram-Nagle et al. measured the
bending modulus of pure lipid bilayer both in
absence and presence of gp41 fusion peptide
utilizing diffuse x-ray scattering (Tristram-Nagle
and Nagle 2007). The diffuse x-ray scattering
avoids the complication of quantitative structure
determination of fully hydrated lipid bilayer,
which is essential to mimic the physiological
environment (Kucerka et al. 2005a, b, 2006; Liu

Fig. 6.1 Schematic representation of stepwise fusion
process
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and Nagle 2004). Diffuse x-ray scattering
provides information about membrane-bending
modulus KC, which is a measure of the amount
of energy required to bend the membrane�
E ¼ 1

2KCC2, where “C” is the curvature of the
membrane). Figure 6.2 shows the bending of two
bilayers, which is a key step in the intermediate
formation; the ease of bending is expected to
reduce the activation barrier for the intermediate
formation. It has been shown that gp41 fusion
peptide (a 23-amino acid stretch at the
N-terminus of gp41 protein) reduces bending
modulus by a factor of 13 for the thicker and
stiffer 1,2-sn-dierucoylphosphatidylcholine
bilayer and by a factor of 3 for 1,2-sn-dioleoyl-
phosphatidylcholine bilayer (Tristram-Nagle and
Nagle 2007). In addition, the bending modulus
reduces exponentially with increasing peptide
concentration.

The bending modulus has further been studied
using fluctuation analysis and aspiration with
micropipettes (Shchelokovskyy et al. 2011). The
effect of gp41 fusion peptide on the bending
modulus has been measured in giant unilamellar
vesicles, which is a better model for cell mem-
brane. Results from both the methods showed that
membrane stiffness gradually reduces with
increasing concentration of gp41 fusion peptide.
Figure 6.3 shows the effect of gp41 fusion peptide
on the bending modulus, measured using differ-
ent techniques.

Small-angle x-ray diffraction data further
ascertains the ability of fusion peptide to reduce
bending energy, which eventually favors the for-
mation of highly curved intermediates. The small-
angle x-ray diffraction measurement of dipalmito-
leoylphosphatidylethanolamine (DPoPE) bilayer
showed the formation of cubic phase (QII) in the
presence of 20-amino acid N-terminal stretch of
hemagglutinin fusion peptide (Tenchov et al.
2013). In addition, the lattice parameter of the
cubic phase changes with the concentration of
hemagglutinin fusion peptide. Interestingly, the
fusion-inefficient mutant hemagglutinin peptides
have insignificant effect on the cubic phase
formation.

6.3 Fusion Peptide Fills the Void
Space in the Intermediates

The void space between the bilayer leaflets,
formed in the hemifusion intermediate, makes
hydrophobic interstices energetically unfavorable
(Siegel 1999). Hydrocarbons such as hexadecane
and tetradecane, which can occupy these voids,
are known to facilitate vesicular fusion (Basanez
et al. 1998; Chakraborty et al. 2013; Chanturiya
et al. 1999; Chen and Rand 1998; Rand et al.
1990; Walter et al. 1994) by reducing the energy
of the hydrophobic interstices. The same

a b

Fig. 6.2 Schematic representation of (a) two closely apposed bilayers and (b) bending of two closely apposed bilayers, a
necessary step for inducing membrane fusion
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mechanism is followed by the fusion peptides in
promoting hemifusion intermediate.

The ability of fusion peptide to fill the void
volume has been estimated by measuring fluores-
cence lifetime of C6-NBD-PC. The external addi-
tion of C6-NBD-PC into preformed vesicles
allows it to partition into the membrane, the frac-
tion partitioned being proportional to the void
space available in the bilayer (Haque et al.
2005). The same group also demonstrated that
both gp41 and hemagglutinin fusion peptides
reduce the membrane partitioning of
C6-NBD-PC and rather promote lipid mixing in
polyethylene glycol-mediated fusion of small
unilamellar vesicles (Haque et al. 2005). This
leads to the assumption that both the fusion
peptides fill the void space available in the bilayer
leaflet that impedes the partitioning of
C6-NBD-PC in the membrane. The stability of
curved intermediate promotes lipid mixing in the
membrane fusion reaction. Figure 6.4 shows a
schematic representation of how the fusion pep-
tide can occupy the void space in nonlinear
intermediates.

The transmembrane domain of vesicular sto-
matitis virus fusion protein (TMD-VSV) is also

known to fill the void space of hemifusion inter-
mediate to promote membrane fusion (Sengupta
et al. 2014). This claim has been validated further
by the fact that TMD-VSV competes with
hexadecane in promoting the rate of intermediate
formation. The stabilization of the intermediate
structure should be optimized such that it
facilitates hemifusion intermediate formation, but
does not inhibit the downstream steps of the pro-
cess. It is important to mention that G1S mutant of
hemagglutinin fusion peptides promotes
hemifusion intermediate formation, but restricts
complete pore opening due to excessive stabiliza-
tion of the intermediate (Li et al. 2005).

6.4 Fusion Peptide Alters
the Curvature
of the Membrane

Although the elastic property of lipid bilayers
does not allow formation of spontaneous curva-
ture, there are specific lipids, proteins, and cyto-
skeletal components that play important role in
stabilizing the membrane curvature. Depending
on the lipid geometry, i.e., headgroup-to-acyl

Fig. 6.3 Relative change of bending rigidity as a function
of the concentration of gp41 fusion peptide in DOPC
bilayers. Different datasets correspond to the results
obtained with different methods, fluctuation analysis
(filled circles), micropipette aspiration (open squares),

and diffuse x-ray scattering from Tristram-Nagle and
Nagle 2007 (filled diamonds). (Adapted and modified
from Shchelokovskyy et al. 2011 with permission from
Attribution-NonCommercial-ShareAlike 3.0 Unported
(CC BY-NC-SA 3.0) of creative commons)
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chain length ratio, membrane curvature gets
established (McMahon and Boucrot 2015).
Lipids having smaller headgroup-to-acyl chain
ratio, such as phosphatidylethanolamine (PE),
form a conical shape and allow closer proximity
of headgroups to stabilize a negative curvature of
the membrane. On the other hand, lipids having
higher headgroup-to-acyl chain ratio, such as
phosphatidylinositol (PI), form inverted cones
where acyl chains could be more compact com-
pared to the headgroups, leading to positive cur-
vature of the membrane (Chernomordik and
Kozlov 2003; Di Paolo and De Camilli 2006;
Zimmerberg and Kozlov 2006). This lipid-
dependent membrane curvature is, however, not
very relevant in the context of cellular
membranes, because of the heterogeneous lipid
composition and natural elasticity of the cell
membrane. It has been shown that coat proteins
such as clathrin, COPI, and COPII are key factors
for stabilizing the membrane during vesicle bud-
ding (Jensen and Schekman 2011; Kirchhausen
2000; McMahon and Boucrot 2011). Membrane
binding of crescent-shaped BAR
(Bin/Amphiphysin/Rvs) domains and their oligo-
merization induce membrane curvature. BAR
domains favor the formation of membrane
tubules but inhibit membrane scission, which
requires extreme curvature (Boucrot et al. 2012;
Peter et al. 2004).

According to the stalk model, two membranes
must join to form a stalk before proceeding to a

transmembrane contact and eventually form a
fusion pore (Chernomordik and Kozlov 2005;
Kozlov et al. 1989; Markin and Albanesi 2002).
The hourglass-shaped, high-energy fusion-stalk
intermediate has a greater degree of concave
(negative) curvature along one axis and that of
convex (positive) curvature along the other. The
inverted-wedge-shaped dioleoylphosphatidy-
lethanolamine (DOPE) stabilizes the negative
curvature and promotes vesicular fusion (Leikin
et al. 1996; Zimmerberg and Kozlov 2006),
whereas wedge-shaped lysophosphatidylcholine
(LPC) promotes the positive curvature, thereby
inhibiting membrane fusion (Chernomordik
1996; Epand 1985). Detailed crystallographic
and differential scanning calorimetric
experiments have demonstrated that hemaggluti-
nin fusion peptide promotes negative curvature
and hence the formation of hexagonal and cubic
phases of lipids (Epand and Epand 1994; Siegel
and Epand 2000; Tenchov et al. 2013). The hem-
agglutinin fusion peptide has been shown to order
the headgroup and condense the interfacial region
(Ge and Freed 2009). NMR study has further
shown that, wild-type hemagglutinin fusion pep-
tide and its F3G mutant, both assume helical
hairpin structure in order to bind to the membrane
with equal efficiency. On the other hand, the F3G
mutant exhibits a reduced propensity to stabilize
the negative curvature compared to the wild-type
peptide, resulting in attenuated fusion activity in
the former relative to the latter (Smrt et al. 2015).

a b

Fig. 6.4 Schematic representation of (a) formation of void volume in the fusion intermediate and (b) filling of void
volume by peptide, partitioning into the membrane, hence stabilizing the fusion intermediate
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Further, the extent of curvature formed at the
region of insertion depends on the depth of inser-
tion; shallower insertion leads to maximum
change in curvature (Campelo et al. 2008; Kozlov
et al. 2014).

Progress of the stalk toward transmembrane
contact and fusion pore requires the generation
of positive curvature. The ability of a peptide to
induce negative curvature at the initial stage and
positive curvature thereafter makes it a suitable
candidate as fusion peptide. The hemagglutinin
fusion peptide possesses this unique ability to
alter the membrane curvature to accomplish
membrane fusion (Chakraborty et al. 2013). The
fusion domain of the feline leukemia virus, sim-
ian immunodeficiency virus (SIV), reduces the
transition temperature of dipalmitoleoylphospha-
tidylethanolamine from lamellar to hexagonal
phase, which is characterized with higher nega-
tive curvature (Davies et al. 1998; Epand et al.
1994). Figure 6.5 shows a schematic representa-
tion of how the fusion peptide can promote mem-
brane curvature and induce formation of
nonlinear intermediates.

6.5 Fusion Peptide Induces Depth-
Dependent Membrane
Ordering

The electron spin resonance recordings, using
spin-labeled lipid probes, support the hypothesis
that wild-type hemagglutinin fusion peptide
orders the headgroup region and promotes nega-
tive intrinsic curvature (Ge and Freed 2009; Lai

and Freed 2014; Lai et al. 2006). However, the
peptide-induced ordering of headgroup region
could not be directly correlated with the fusogenic
ability of the peptide according to the fluores-
cence studies using fluorescent probes like DPH,
TMA-DPH, and C6-NBD-PC (Chakraborty et al.
2013; Haque et al. 2005, 2011). This contradic-
tion indicates that while the peptide-induced
ordering is important, the exact location of bilayer
ordering that helps in membrane fusion also
needs further attention.

Depth-dependent membrane ordering, induced
by fusion peptides, has been estimated using
n-(9-anthroyloxy)-stearic acid (n-AS) probes, in
which the anthroyloxy group is attached at vari-
ous positions of the alkyl chain of stearic acid
(Chakraborty et al. 2017). These probes are
known to be located at a varying depths in the
bilayer, depending on the location of the attached
anthroyloxy group on the fatty acid chain
(Abrams et al. 1992; Abrams and London 1993;
Chakraborty et al. 2015; Haldar et al. 2012). The
wild-type hemagglutinin fusion peptide was
found to order the bilayer between 10 and 14 Å
from the center of the bilayer; this ordering seems
to be crucial to manifest the fusogenic ability of
the peptide. Two other mutants of hemagglutinin
fusion peptide, G1S and W14A, do not order this
region and hence fail to promote fusion pore
formation, despite the stalk formation (Fig. 6.6).
G1V promotes the same region as wild type, but
the extent of interfacial ordering is relatively low.
As it is evident from Fig. 6.1, the elastic stability
of the bilayer is essential to allow the expansion
of the transmembrane contact to open the fusion

a b

Fig. 6.5 Schematic representation of (a) flat lipid bilayer and (b) membrane curvature induced by peptide. The curvature
formation is essential to initiate membrane fusion and its completion
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pore. Wild-type fusion peptide increases the
mechanical stability of the interfacial region by
increasing its order, hence enabling expansion of
the transmembrane contact (Chakraborty et al.
2013; Malinin and Lentz 2004). Taken together,
it is important to order the bilayer at a particular
region to enhance the mechanical stability of the
transmembrane contact, enabling it to expand and
open the fusion pore.

6.6 Conclusion and Future
Perspectives

Although we have discussed only representative
examples regarding the possible role of fusion
peptides in promoting membrane fusion, there
exist many other pathways that could potentially
provide the favorable energy to promote mem-
brane fusion. With the advent of x-ray scattering,
calorimetric, and spectroscopic methodologies,
the understanding of peptide-lipid interaction in
the context of membrane fusion is gaining

momentum. The limitation of these
measurements, however, is that the effect of
fusion peptides on bilayers is being recorded
under equilibrium conditions, rather than during
the actual course of fusion; it would be more
relevant to monitor the membrane properties dur-
ing the fusion process. Moreover, kinetic
measurements related to the generation of differ-
ent intermediate states could provide more
detailed information about the possible role of
fusion peptides in promoting membrane fusion.
Recently, efforts have been made to understand
the structure of the transition states during the
fusion pathway utilizing activation free energy,
enthalpy, and entropy calculations from
temperature-dependent kinetic measurements
(Chakraborty et al. 2012, 2014, 2013; Sengupta
et al. 2014). Careful analysis of these results
might open up new possibilities for better under-
standing of the membrane fusion mechanism.
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Abstract

Amyloids are highly ordered peptide/protein
aggregates traditionally associated with multi-
ple human diseases including neurodegenera-
tive disorders. However, recent studies suggest
that amyloids can also perform several
biological functions in organisms varying
from bacteria to mammals. In many lower
organisms, amyloid fibrils function as
adhesives due to their unique surface topogra-
phy. Recently, amyloid fibrils have been
shown to support attachment and spreading
of mammalian cells by interacting with the
cell membrane and by cell adhesion machinery
activation. Moreover, similar to cellular
responses on natural extracellular matrices
(ECMs), mammalian cells on amyloid surfaces
also use integrin machinery for spreading,
migration, and differentiation. This has led to
the development of biocompatible and
implantable amyloid-based hydrogels that
could induce lineage-specific differentiation
of stem cells. In this chapter, based on adhe-
sion of both lower organisms and mammalian
cells on amyloid nanofibrils, we posit that

amyloids could have functioned as a primitive
extracellular matrix in primordial earth.

Keywords

Amyloids · Protein aggregates · Cell adhesion ·
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7.1 Amyloids: An Introduction

Amyloids are fibrillar peptide/protein aggregates
with β-sheet-rich secondary structure (Chiti and
Dobson 2006). These highly organized structures
are of particular interest because of their associa-
tion with many biological functions in diverse
organisms including mammals, though originally
amyloids were considered as pathogenic entities in
many neurodegenerative disorders (Chiti and
Dobson 2006). Amyloid fibrils possess distinct
characteristics in terms of biophysical as well as
histological properties due to their unique second-
ary structure. The β-sheets present in amyloid
fibrils are arranged such that individual β-strands
are orthogonal, whereas the β-sheets are parallel to
the fibril axis (Sunde and Blake 1997; Sunde et al.
1997). This arrangement termed as cross-β-sheet
motif makes amyloids highly ordered and enables
dense peptide packing making these aggregates
inherently inert and resistant to harsh environmen-
tal conditions such as extreme pH, temperature, as
well as proteases (Meersman and Dobson 2006;
Mesquida et al. 2007; Zurdo et al. 2001).
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The cross-β-sheet structure allows amyloids
to bind to dyes such as Congo red (CR)
(Westermark et al. 1999) and thioflavin T
(LeVine 1993). Amyloids, upon CR binding, pro-
duce a yellow-green birefringence under cross-
polarized light (Westermark et al. 1999). In amy-
loid disorders, these fibrillar aggregates get
deposited in patient’s tissues, which clinicians
stain with CR for disease diagnosis (Eisenberg
and Jucker 2012). Most disease-associated
amyloids such as amyloid-beta (Aβ) in
Alzheimer’s disease (AD), prions (PrP) in
spongiform encephalopathy, and islet amyloid
polypeptide (IAPP) in type 2 diabetes were
identified using this method (Chiti and Dobson
2006). However, the biophysical study of the
amyloids revealed a more structural understand-
ing of these aggregates. In circular dichroism
(CD) spectroscopy, amyloids exhibit a minimum
at ~218 nm (Jha et al. 2013; Anoop et al. 2014),
and in Fourier transform infrared (FTIR) spec-
troscopy, these aggregates show peaks around
1630 cm�1 and 1620 cm�1, respectively, which
are characteristic peaks of β-sheet structures
(Hiramatsu and Kitagawa 2005; Ghosh et al.
2014; Fradinger et al. 2005). The X-ray diffrac-
tion of the amyloids yields a characteristic diffrac-
tion pattern with a meridional reflection at 4.7 Å
and an equatorial reflection at around 8–11 Å

representing a cross-β-sheet diffraction pattern
(Sunde and Blake 1997; Sunde et al. 1997). Elec-
tron microscopy studies of amyloids showed that
these protein aggregates are fibrillar in appear-
ance, ~6–12 nm in diameter, unbranched, and a
few micrometers in length (Fig. 7.1) (Sunde and
Blake 1997; Sunde et al. 1997). Mostly, the fibrils
are composed of protofilaments that are either
laterally associated or helically twisted with
each other. A combination of biophysical and
histological tools of amyloid detection has
identified many proteins that can form amyloids
irrespective of their association with native
functions or diseases.

Amyloid formation is considered as a
nucleation-dependent polymerization wherein
protein monomers either natively folded or
unfolded participate in the self-assembly process
to form stable amyloid fibrils (Harper and
Lansbury 1997; Jarrett and Lansbury 1993;
Ferrone 1999). This aggregation kinetics is often
studied using ThT binding and/or light scattering
experiments (Serio et al. 2000; Naiki et al. 1997;
Uversky et al. 2002), which yield a sigmoidal
growth curve showing three distinct phases: lag
phase, where monomeric protein associates
slowly to form aggregation-competent nuclei;
elongation phase, where aggregation-competent
nuclei grow to form fibrils; and at the end, sta-

Fig. 7.1 Amyloid structure. Amyloid fibrils showing typical diffraction pattern of a cross-β-sheet motif with charac-
teristic meridional reflection at 4.7 Å and an equatorial reflection at around 8–11 Å
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tionary phase, where matured fibrils remain in
equilibrium with monomeric protein (Harper and
Lansbury 1997; Jarrett and Lansbury 1993;
Ferrone 1999). During protein aggregation,
proteins can exist as an ensemble of conformers,
in which some of them associate to form
oligomers that could be toxic to cells (Haass and
Selkoe 2007; Kayed et al. 2003; Bucciantini et al.
2002; Walsh et al. 2002). In this regard, an amy-
loid formation may play a pacifying role wherein
the toxic oligomers are scavenged and converted
to stable amyloid fibrils (Kopito 2000; Carrotta
et al. 2005; Kirkitadze et al. 2002). Recent studies
in amyloid biology also support this hypothesis
and suggest that protein/peptide oligomers rather
than mature fibrils are more cytotoxic and
implicated in disease (Haass and Selkoe 2007;
Kayed et al. 2003; Bucciantini et al. 2002;
Walsh et al. 2002).

Though historically amyloids are associated
with more than two dozen of diseases in humans,
recent investigations have revealed amyloids can
perform native biological functions in several
hosts spanning from bacteria to mammals (Chiti
and Dobson 2006; Fowler et al. 2007). In these
organisms, amyloids are involved in various
functional roles rather than causing disease. For
example, in several bacteria, including E.coli,
amyloids are involved in biofilm formation,
which helps in their colonization and attachment
to surfaces (Chapman et al. 2002). In fungi, in
addition to surface adhesion, amyloids also pro-
vide support for hyphae/spore formation (Ham-
mer et al. 2008; Gebbink et al. 2005), and fungal
prions offer a selective advantage for growth dur-
ing stress conditions for its host (Osherovich and
Weissman 2002; True and Lindquist 2000;
Uptain and Lindquist 2002; Chien et al. 2004).
In higher organisms such as mammals, Kelly and
coworkers discovered the occurrence of Pmel
amyloid fibrils in melanosomes (Fowler et al.
2006). In this study, the authors suggested that
the amyloid Pmel17 reduces toxicity by
accelerating the polymerization of melanin pre-
cursor into melanin (Fowler et al. 2006). In

addition, it was proposed that hormones stored
in pituitary gland could form amyloidogenic
structure under in vitro and in vivo conditions
(Maji et al. 2009a). The unique structural property
of cross-β-sheet could aid in packaging and stor-
age of peptide/protein into hormone-specific
granules. Hormones in amyloidogenic form are
also capable of releasing functionally active
monomers. Thus, the robust organization of amy-
loid could be important for hormone storage in
secretory granules as well as for regulated secre-
tion of hormones (Maji et al. 2009a; Anoop et al.
2014; Jacob et al. 2016a).

7.2 Amyloids as Functional
Biomaterials

Extensive biochemical and structural studies on
amyloid formation have led to the understanding
that amyloids are not rare phenomena associated
with diseases but a well-defined structure of
proteins and polypeptides. Amyloids are now
better referred to as a “state” of proteins, which
has a cross-β fiber diffraction pattern (Eisenberg
and Jucker 2012; Knowles et al. 2014). In princi-
ple, (m)any peptide/proteins could self-assemble
to form amyloid structures, under certain
conditions (Chiti and Dobson 2006; Knowles
et al. 2014). Due to their highly organized nature,
increased stability, and mechanical stiffness com-
parable to silk and steel, amyloids can be used for
bio- and nanotechnological applications (Sunde
and Blake 1997; Smith et al. 2006). In addition to
tuning physicochemical properties of amyloid
fibrils by modifying amino acid sequences (Maji
et al. 2008), specific functional groups can also be
added to their amino acid side chains for desired
purposes (Gras 2009; Gras et al. 2008; Scheibel
et al. 2003). Recent advances in computational
algorithms, which can also be employed to pre-
dict different properties such as hydrophobicity,
secondary structure, and aggregation propensity
of proteins from their sequence information, can
be suitably utilized to design and synthesize
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amyloid-based materials with specific properties
(Mankar et al. 2011). By virtue of amyloid’s
characteristic traits, efforts have been made to
design functional biomaterials such as biosensors,
tissue culture scaffolds, nanowires/optoelectron-
ics, and drug delivery depots (Cherny and Gazit
2008; Knowles et al. 2010; Li and Mezzenga
2013; Gras 2009; Mankar et al. 2011).

The highly organized assembly or fibrillar
structure of amyloids makes them a natural
nanomaterial suited for a variety of functions. A
number of applications including generation of
nanowires, light-emitting diodes (LEDs), and
biosensors have been reported using amyloid
nanofibrils (Reches and Gazit 2003; Tanaka
et al. 2008; Li et al. 2012). For example, Reches
and Gazit have utilized dipeptide, Phe-Phe as a
template for metal nanowire synthesis (Reches
and Gazit 2003, 2006; Gazit 2007). This template
region is derived from the middle segment of
Alzheimer’s disease-related amyloid β-peptide
(Reches and Gazit 2003). Likewise, Han et al.
constructed graphene hollow shell nanowires.
These nanotubes can be easily synthesized and
are biodegradable in nature (Han et al. 2010). In
another study, yeast prion protein Sup35 was
genetically modified to have accessible cysteine
residues post-fibrillation such that they can be
conjugated with gold or silver colloids/nanoparti-
cle to develop fine nanowires (Scheibel et al.
2003). Although nanowire development has also
been reported from other biomolecules such as
DNA, proteins, and carbon nano-materials, due to
complex manufacturing procedures and difficulty
in controlled functionalization, such techniques
pose several challenges (Li and Mezzenga
2013). Nanowires developed from amyloids
have gained attraction due to facile methods of
harnessing their self-assembly behavior (Cherny
and Gazit 2008). Amyloids in conjugation with
various polymers can also enhance their electri-
cal/optical properties. In one study, the addition
of insulin amyloid fibrils increased the external
quantum efficiency of a luminescent polymer ten-
fold (Tanaka et al. 2008). Amyloid fibril usage

has also been reported in photovoltaic cells,
where the β-lactoglobulin amyloid-TiO2 hybrid
material was used in heterojunction photovoltaic
devices (Bolisetty et al. 2012). Integrating
polymers and amyloid fibrils leads to enhanced
performance and sensitivity of biosensors. For
example, Mezzenga and coworkers used
β-lactoglobulin amyloid fibrils, which were
adsorbed on graphene sheets to develop
enzyme-based biosensors (Li et al. 2012). More-
over, Sasso et al. functionalized whey protein
nanofibrils (WPNFs) by attaching it with quan-
tum dots and gold nanoparticles for designing
thiolated glucose oxidase (GOx)-functionalized
WPNFs to develop electrochemical enzymatic
biosensor with increased sensitivity (Sasso et al.
2014), suggesting that such approaches can be
utilized for developing multienzyme-based
biosensors (Sasso et al. 2014).

Protein- and peptide-based drugs are often
rendered inactive after administration due to pro-
tease activity in our body (Langer 1998). Thus,
improvement of the half-life of such drugs is an
active area of research. Also, sustained or con-
trolled delivery of the drug over a period of time
would make it more effective. Infusion pumps,
liposomes, polymer depots, and biodegradable
hydrogels are currently used to serve the purpose
(Langer 1990, 1998, 2001). However, recent
studies have suggested that self-assembled
proteins/peptides can be used for sustained and
effective drug delivery. For example, insulin and
TGF-β3 microcrystals were able to serve as
protected reservoirs of the drugs as well as the
controlled release of active drugs (Brader et al.
2002; Jen et al. 2002). On similar trend, amyloid
conformation can also serve either as a drug
delivery vehicle or a drug reservoir/depot itself.
It was recently observed that analogs of
gonadotrophin-releasing hormone (GnRH) were
able to release active monomers from its amyloid
form (Maji et al. 2008). These studies suggest that
either encapsulation of drug within amyloid
fibrils or amyloid fibrils developed from peptide
drugs could be used as a vehicle for drug delivery
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application. In addition to these, several studies
have also demonstrated the potential of amyloid
and amyloid-derived scaffolds for cell culture and
tissue engineering, which will be further detailed
in the following sections.

7.3 Native Extracellular Matrices:
Composition and Properties

The extracellular matrix (ECM) in higher
organisms is a meshwork of proteins (~200) and
polysaccharides forming an elaborate network
that not only serves as a scaffold integrating mul-
tiple cell types to form organs but also plays key
roles in regulating multiple aspects of cellular
functions including survival, growth, migration,
and differentiation via sequestration of growth
factors. The ECM is a dynamic environment
whose composition and organization are tissue-
specific and determined by its interaction with
various cell types within a given tissue. ECM
integrity is maintained by multiple structural
proteins including collagen, fibronectin, laminin,
and elastin, with collagen being the most abun-
dant. Though 28 different types of collagen have
been identified to date (Myllyharju and Kivirikko
2004; Ricard-Blum 2011), fibrillar collagen I is
the principal component of interstitial matrices
accounting for ~90% of the protein content of
connective tissues (Wolf et al. 2009) and is
upregulated in various cancers (Paszek et al.
2005). In comparison, the brain is enriched with
laminin, hyaluronic acid, and proteoglycans
(Reinhard et al. 2016). Collagen IV and laminin
represent two of the main ingredients of sheet-like
basement membrane (Kalluri 2003), which segre-
gate tissues and provide structural support.

The physical properties of a given tissue are
largely dictated by the composition and organiza-
tion of the ECM. For example, collagen I levels
have been shown to exhibit a power-law depen-
dence on tissue stiffness, with soft brain tissue
possessing low levels of collagen and stiff tissues
possessing increased levels (Swift et al. 2013).
Over the last decade, a plethora of research has

demonstrated the profound influence of ECM
stiffness in regulating various cellular processes
including cell spreading (Engler et al. 2004a;
Yeung et al. 2005), cell migration (Pelham and
Wang 1997), proliferation (Klein et al. 2009;
Ulrich et al. 2009), and differentiation (Engler
et al. 2004b; Engler et al. 2006; Gilbert et al.
2010). These findings have led to development
of hydrogel platforms as suitable mimics of natu-
ral ECMs for tissue engineering platforms, where
the stiffness is regulated using synthetic (e.g.,
PEG (Mahoney and Anseth 2006), PDMS
(Trappmann et al. 2012), or natural-derived
(e.g., alginate) (Rowley et al. 1999)) polymers
and linking with cell-adhesive peptides (e.g.,
RGD (Dennes et al. 2007), IKVAV (Santiago
et al. 2006)). An additional feature of collagen
and fibrin gels is their nonlinear elasticity (van
Oosten et al. 2016), i.e., stiffening under force,
induced by alignment of matrix fibers. Such stiff-
ening not only protects tissues from damage but
enhances long-range interaction between cells in
the matrix (Winer et al. 2009).

One aspect of ECM networks that have not
been adequately addressed is their viscoelasticity
(Chaudhuri 2017). It has long been known that
natural ECMs are not such elastic but viscoelas-
tic, i.e., their deformation in response to stresses
is time-dependent. Such time-dependent behavior
may arise from force-dependent dissociation and
rebinding of cross-linking agents leading to ECM
reorganization and/or force-driven protein
unfolding. Though studies on how tissue
viscoelasticity impacts cell behavior are much
less, recent reports have demonstrated the role
of viscoelasticity in driving cell spreading on
soft alginate gels (Chaudhuri et al. 2015) and
dextran gels (Baker et al. 2015), possibly through
increased integrin clustering. Under 3D culture
conditions, viscoelasticity has been shown to
mediate cell spreading and enable embryonic
stem cell-derived motor neurons to extend
neurites in stress-relaxing PEG hydrogels
(McKinnon et al. 2014), as well as drive optimal
osteogenic differentiation of mesenchymal stem
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cells in ionically cross-linked alginate hydrogels
(Chaudhuri et al. 2016).

Another key physical feature of the ECM is
topography, i.e., the orientation of matrix fibers.
Numerous studies have shown that cells in fibril-
lar matrices elongate, polarize, and migrate in a
persistent direction using matrix fibers as contact
guidance cues (Simitzi et al. 2017; Vargas et al.
2017). Fibroblasts are capable of responding to
grooved patterns with features comparable to sin-
gle collagen fibrils (~30–100 nm) (Kim et al.
2009). These studies suggest that physical cross
talk with ECM features can activate signaling
independent of chemical factors in driving direc-
tional migration. Indeed, studies with various
types of stem cells have shown that topography
can not only drive directed migration but also
regulate stem cell fate by inducing changes in
cell morphology (Leung et al. 2014; Wang et al.
2012). In particular, techniques such as microfab-
rication and electrospinning have gained rising
popularity for fabricating substrates/scaffolds
encoding cues across multiple length scales.
These technologies have enabled studies that
address fundamental science as well as led to
tissue engineering applications.

7.4 Amyloids Closely Mimic
Several Features of the ECM

Similar to ECM, amyloids are fibrillar in nature.
The unique surface topography of amyloid fibrils
can be used for developing cell-adhesive
materials. In this regard, it has been reported
that amyloid fibrils alone or in association with
functional moieties or coated with fibronectin-
and laminin-like ECM proteins provide suitable
scaffolds for cell adhesion and growth [43]. For
instance, Gras and coworkers constructed
functionalized fibrils derived by combining
transthyretin protein sequence with the tripeptide
Arg-Gly-Asp (RGD), an integrin recognition
motif found in fibronectin for enhancing cell-
adhesive ability of amyloid fibrils (Gras et al.

2008). Moreover, proteins from demineralized
enamel matrices were also reported to form
cross-β-sheet structure, which could be used in
hard tissue engineering (Glimcher et al. 1961,
1965).

Further, to decouple nano-topography from
the surface chemistry of amyloid fibrils, Reynolds
et al. designed amyloid fibrils layered with
plasma polymer (Reynolds et al. 2013). The sur-
face created by coating plasma layer on amyloid
fibrils retains the amyloid topography but masks
the surface chemistry of the fibrils. The authors
reported more increase in cell adhesion on amy-
loid fibril/conjugated polymer surface than on
polymer alone, suggesting that the topography
of amyloid fibrils favors cell adhesion (Reynolds
et al. 2013). Moreover, in a subsequent study, the
authors showed that the denser the fibril coverage,
the more cells adhered to amyloid fibril-coated
surfaces (Reynolds et al. 2014). Alternatively,
another reason for enhanced cell adhesion could
be due to the increased deposition of serum
proteins on the amyloid fibril-coated surfaces.
The study also showed that cell adhesion property
was enhanced by increasing lysozyme fibril con-
centration (Reynolds et al. 2014). Specifically, in
this study, the authors showed that when the
fibril-coated surface had 2–40% coverage with
lysozyme fibril network, the attached cells
showed less spreading area. However, when the
fibril surface coverage was more than 80%, the
spreading area of the cells increased substantially.
Moreover, this study also noted that fibril cover-
age more than the thickness of the individual
fibrils dictated cell adhesion (Reynolds et al.
2014). Overall, these studies suggest that nano-
topography of amyloids enables cell adhesion and
cells on amyloid surfaces show density-
dependent adhesion responses similar to ECM
proteins.

However, what makes the amyloid surface
adhesive for cells? Is it because of sequence simi-
larity of some of these proteins to cell recognition
motifs? Is the surface property of amyloid itself
enough to initiate the cell adhesion? To answer
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these questions, recently we studied cell adhesion
on amyloids using more than 20 proteins/peptides
exhibiting different primary structures and
sequences (Jacob et al. 2016b). Many of which
are already reported to form amyloid in secretory
granule-relevant conditions and are nontoxic
(Maji et al. 2009a). The study demonstrated that
mammalian cells were capable of adhering and
spreading on amyloid fibrils and the adhesion is
not specific for single-cell type but for many
including stem cells and non-adherent cells like
RBC (Jacob et al. 2016b). This could also suggest
that membrane-fibril interaction could be the
starting step for cell adhesion on amyloids. Fur-
thermore, in this study, we showed that the con-
version of cell-repulsive protein BSA, to its
amyloid form, resulted in making the protein
cell adhesive, suggesting cell adhesion to be a
generic property of amyloids (Jacob et al. 2016b).

Cells adhere to the underlying ECM through
integrin-mediated junctions called focal
adhesions, which act as contact points between
the cell cytoskeleton and the ECM (Choi et al.
2011). To understand cell adhesion mechanism
on amyloid fibrils, we investigated cytoskeletal
arrangement along with focal adhesion machinery
of amyloid-bound cells. The study demonstrated
that cells adhering to amyloid surfaces were able
to make integrin-based adhesions and activated
focal adhesion kinase (FAK), a downstream
integrin-signaling molecule. Moreover, cells
adhering on amyloid surfaces had a greater num-
ber and larger focal adhesions compared to cells
cultured on collagen I. Further, integrin blocking
by antibody or peptides caused a reduction in cell
spreading on fibril surface, suggesting that
integrin-mediated cell adhesion is key for cell
spreading mechanism on amyloid surfaces
(Jacob et al. 2016b). Additionally, seeding of
NIH/3T3 fibroblast cells on amyloid fibril
coatings of different densities, a biphasic spread-
ing response of the cells was observed, which was
comparable to ECM density-dependent cell
spreading. Moreover, these cells were also motile
on amyloid surfaces (Jacob et al. 2016b). Taken
together, it can be suggested that behavior of cells

on amyloid nanofibrils and ECM could be
similar.

The charge of a surface is also known to regu-
late cell adhesion. Poly-L-lysine (PLL) is a syn-
thetic substrate routinely used on surfaces to
promote cell adhesion. However, cell adhesion
on PLL-coated surfaces is not integrin mediated.
In our previous study, differently charged and
uncharged polymers and their amyloid
counterparts were used to demarcate the role of
charge and cross-β-sheet motif on cell adhesion
(Jacob et al. 2016b). The data showed that cells
adhered to charged polypeptide surfaces, but the
adhesion was greater on their amyloid counterpart
compared to monomeric polymers. Moreover, the
amyloid surfaces could also recruit integrin-
mediated focal adhesion, whereas, in the mono-
meric counterpart of the same polymer, integrin
expression was much reduced. This study
suggests that adhesion could be mediated by a
combination of cell membrane-fibril interactions
as well as integrin-mediated focal adhesion com-
plex formation (Fig. 7.2) and amyloids similar to
ECM proteins induce integrin-mediated cell sig-
naling pathways.

In addition, Jacob et al. (2016b) also showed
that the cell adhesivity of amyloids is not only
restricted to nontoxic amyloids but also extends
to disease-associated amyloids such as fibrils of
Parkinson’s disease-associated α-synuclein
(α-Syn) and Alzheimer’s disease-associated
Aβ42 fibrils (Goedert 2001; Hardy and Selkoe
2002). However, cell adhesion was less on fibrils
of Aβ(25–35), a neurotoxic sequence in Aβ peptide
(Pike et al. 1995). This difference in cell adhesion
on fibrils formed from related peptides could be
due to more exposure of toxic epitope in Aβ(25–35)
fibrils, whereas it might be comparatively masked
in fibrils formed by full-length Aβ42 peptide. In
addition to nano-topography, the surface rough-
ness of the coated amyloid fibrils can play a vital
role in death/apoptosis of adherent cells (Gras
et al. 2008). Reynold et al. also found similar
observations, where they showed that the cells
adhered on rough surfaces are less viable
(Reynolds et al. 2015). Together, this suggests
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that though amyloid surface favors cell adhesion,
the surface chemistry of the fibrils determines the
viability of the adhered cells (Reynolds et al.
2015). Moreover, Jacob et al. demonstrated that
the surface topography of amyloids positively
influences the differentiation of SH-SY5Y cells
to neurons (Jacob et al. 2016c). Thus, other than
fibrillar nature, a feature shared by many ECM
proteins and amyloid fibrils, these higher-order
protein aggregates are akin to ECM in many
ways. This raises an exciting possibility that dur-
ing evolution amyloids might have served as
primitive cell-adhesive substrates for templating
cell/tissue organization along with other cellular
functions.

7.5 Amyloid-Based Scaffolds
for Tissue Engineering

The fabrication of synthetic substrates with simi-
lar physiochemical properties of ECM, in order to
mimic the biological microenvironment for cell
adhesion, proliferation, and differentiation, is one
of the important aspects of tissue engineering
(Langer and Tirrell 2004; Patterson et al. 2010).
In this regard, chemically and biologically
derived polymer scaffolds have promising signif-
icance (Langer 2000; Hubbell 1995). However,

some of them show restricted in vivo applications
due to their toxicity, immunogenicity, or
biological contamination from polymers derived
from tissues (Langer and Tirrell 2004). In this line
of thought, synthetic peptide�/protein-derived
hydrogels are of importance because they negate
the possibility of biological contamination and
their scaffolds can mimic ECM-like environment
(Patterson et al. 2010; Zhang 2002; Zhang et al.
2002). In recent years, extensive research has
been carried out for designing hydrogels with
various utilities especially in the area of tissue
engineering and drug delivery (Jacob et al.
2015; Das et al. 2016; Benoit et al. 2008; Annabi
et al. 2014). Hydrogels are routinely used as
carriers for encapsulating cells and drugs/growth
factors to target sites for cell regeneration at the
injury site. Their characteristic microstructure
influences the signaling pathways, hence
modulating cellular fate (Peppas et al. 2006;
Smith 2010; Lee et al. 2000).

Peptide hydrogels are a special class of hydro-
gel based on self-assembly of the peptide through
non-covalent interactions, which form higher-
order networks and subsequently water entrap-
ment to form gels (Meital Reches 2006).
Peptide-based hydrogels are also reversible in
nature as they employ non-covalent intermolecu-
lar forces such as hydrophobic interaction,

Fig. 7.2 Mammalian cell adhesion on amyloid fibrils.
Adhesion of cells on amyloid fibrils is proposed to be
initiated by lipid-fibril interaction-mediated passive

adhesion followed by integrin clustering and activation
of downstream signaling cascades leading to the formation
of focal adhesions and cell spreading
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hydrogen bonds, and ionic interactions. Hence,
peptide hydrogels are easily biodegradable and
have less potential for inflammation compared to
polymer-based hydrogels. Moreover, the
properties of hydrogel could be easily tuned
through side-chain modification to the desired
functionality (Gras 2009; Mankar et al. 2011;
Nisbet and Williams 2012). There is much simi-
larity between amyloid fibrils and natural ECMs
such as their nano-fibrillar morphology, integrin
engagement and signaling, and density-
dependent responses (Jacob et al. 2016b;
Reynolds et al. 2014, 2015; Gras et al. 2008).
These suggest that hydrogel based on amyloid
fibrils could be promising candidates for develop-
ing biomaterials for tissue engineering
applications (Mankar et al. 2011).

In this regard, Yan et al. have shown that
amyloid hydrogel can aid in adherence and pro-
liferation of fibroblasts in the absence of any cell
recognition motif or coating of ECM proteins
(Yan et al. 2008). Moreover, recent studies by
our group have shown that biocompatible and
self-healing amyloid hydrogels can be designed
from peptides derived from Aβ42 C-terminus
(Jacob et al. 2015). The study also demonstrated
that these amyloid hydrogels could support adhe-
sion and spread of diverse cell types including
human mesenchymal stem cells. Since these
nanofibril hydrogels are thixotropic, it can be
easily formulated to a 3D cell culture system
that can entrap growth media and support the
growth of cells within the hydrogel (Fig. 7.3).
Further, alteration in the concentration of peptides
and salt and the stiffness of amyloid-based

Fig. 7.3 Amyloid-based scaffolds for tissue engineer-
ing. Proteins/peptides can self-assemble to form amyloid
fibrils. Such amyloid fibrils can bundle and form higher-
order aggregates that can lead to the complex network

formation to form gels and films that can be used for
preparing hydrogels and scaffolds for directed stem cell
differentiation
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hydrogels can be modulated (Jacob et al. 2015).
In addition to biochemical cues, matrix stiffness
also governs stem cell differentiation (Engler
et al. 2006). Thus, amyloid-based hydrogels can
be tuned such that these hydrogels could drive
differentiation of mesenchymal stem cells into
different cell lineages. We showed that soft amy-
loid hydrogels probably by providing fibril-
mediated contact guidance could drive hMSC
differentiation into neuronal lineage in vitro
(Jacob et al. 2015). Recently, in another study,
our group designed amyloid-based implantable
hydrogels, which could be used for neuronal tis-
sue engineering because of their noninflammatory
properties as well as ease of delivery with mini-
mally invasive surgery (Das et al. 2017). Addi-
tionally, amyloid hydrogels can also modulate the
differentiation of stem cells by providing con-
trolled exposure of bioactive growth factor in
3D culture system (Das et al. 2016). Amyloid-
inspired nanocomposites can also be utilized for
cell adhesion. Recently, Li et al. used amyloid-
HA composite instead of collagen as scaffolds for
regeneration of bone tissue (Li et al. 2014). Their
work demonstrated that preosteoblasts can adhere
and proliferate on the designed amyloid-HA
nanocomposites (Li et al. 2014). These studies
infer that amyloid-based hydrogels do not require
cell-adhesive moiety and hence find its applica-
tion in tissue engineering.

7.6 Amyloids as Ancient ECM

The ability to self-replicate (Cohen and Prusiner
1998; Jarrett and Lansbury 1993), and the func-
tion of amyloids as biochemical catalysts (Rufo
et al. 2014), has entitled amyloids to be one of the
most ancient protein folds (Greenwald and Riek
2012; Carny and Gazit 2005). The sequence-
dependent distribution of polar and nonpolar
residues depending on the primary sequences
gives amyloid fibrils distinct surface properties
(Nelson and Eisenberg 2006; Wasmer et al.
2008; Maji et al. 2009b). This property may
enable amyloids to bind to a varied range of

small molecules and macromolecules/polymers
(Nilsson 2009; Calamai et al. 2006; Ghosh et al.
2014; Solomon et al. 2011). Various
microorganisms use the adhesive property of
amyloids for surface attachment and colonization.
For example, in sea barnacle, the adhesive cement
is reported to have amyloidogenic properties
(Sullan et al. 2009; Barlow et al. 2010). Many
protein components of bacterial biofilms are
found to polymerize into amyloid fibrils (Otzen
and Nielsen 2008), with curli amyloid made by
E. coli serving as a prime example (Chapman
et al. 2002). In yeast, adhesins, which are respon-
sible for cellular aggregation of yeast, are
reported to possess amyloid-like nature
(Ramsook et al. 2010). The extra polymeric
substances of certain green algae were previously
reported to be amyloidogenic, inducing colony
formation in these algae (Mostaert et al. 2006).
In the abovementioned examples, amyloids not
only help in surface adhesion of these organisms
but also act as extracellular matrix helping in
colony formation, thereby ensuring better
survival.

Over the last few decades, researchers are
involved in understanding the prebiotic atmo-
sphere and the origin of life (Sutherland 2017).
Recent advancements led to the finding that
protein-like molecules with cross-β-sheet struc-
ture(s) could be the first biomolecules capable of
self-propagating and information-processing,
which evolved under extreme conditions of the
primitive earth environment (Maury 2009;
Greenwald and Riek 2010, 2012; Greenwald
et al. 2016). For example, Miller and coworkers
demonstrated the synthesis of amino acids under
the primordial conditions (Miller 1953). The
peptides, which can form amyloid, can escape
harsh environments such as hydrolysis, chemical
modification, volcanic gases, and adverse
environments (Leman et al. 2004; Schwendinger
and Rode 1992). Likewise, Greenwald and
coworkers have shown that alanine and valine,
the most abundant amino acids in the prebiotic
environment, can form amyloid fibers consisting
of cross-β structure (Greenwald and Riek 2012;
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Greenwald et al. 2016). This indicates that primi-
tive life forms that were prevalent during harsh
conditions of the primordial earth would have
selected protein/peptide structures or
conformations that could be stable and sustain-
able in extreme conditions. The structural stabil-
ity of β-sheet fold renders it the resistance against
radiation and high temperature (Maury 2015).
Thus, there are several arguments, which favor
the idea of a possible key role of protein aggrega-
tion during the early evolution and might have
served as the mother of any protein fold (Maury
2009; Chernoff 2001; True and Lindquist 2000).
In addition, it is believed that this stable β-sheet
structure carried out both the functions of replica-
tion and information transmission in a prion-like
mode. All these suggestions are indicative of
amyloids being an entity of biomolecular
evolution.

One of the pivotal transitions in primitive earth
was the evolution of multicellular eukaryotic
organisms from single-cell ancestors (Michod
2007). Studies indicate that the ECM played a
key role in orchestrating this transition (Ozbek
et al. 2010). The major ancestral ECM proteins
that diversified and evolved into present-day
ECM proteins include collagen, laminin,
perlecan, and fibrillin. It has been shown that
these proteins are conserved from sponges to
metazoans (Ozbek et al. 2010). The relatively
harsh conditions of the primitive earth, the stabil-
ity of the amyloid state of proteins, and the grad-
ual evolution of the extracellular matrix all point
towards a possibility that ancestral ECM proteins
were amyloidogenic in nature and existed in the
amyloid state in the primitive era. This assump-
tion led us to investigate the presence of any
amyloidogenic region in the primary sequence
of ECM related proteins in primitive organisms
such as Chlamydomonas, which could probably
be carried over in higher organisms with evolu-
tion. To evaluate the presence of amyloidogenic
region, we used “WALTZ,” a web-based tool
developed by Sebastian Maurer-Stroh et al., for
prediction of the amyloid-forming tendency of
proteins, based on amino acid sequence

(Maurer-Stroh et al. 2010). We used this algo-
rithm for predicting the amyloid-forming propen-
sity of ECM-related proteins, specifically those
that have a role in cell adhesion. To do so, protein
sequences of ECM proteins such as collagen,
fibrillin, laminin, and perlecan protein were
taken from UniProt database and were compared
to its homologous sequences in higher organisms.
For example, primary sequences of perlecan and
laminin proteins present in Caenorhabditis
elegans as well as Homo sapiens were compared,
and both were found to exhibit extensive stretches
of amyloid-prone regions (Fig. 7.4a, b). Since, for
unicellular organisms, these proteins were not
well annotated in the database, we decided to
use C. elegans as an example of a lower organism
for comparison. Similarly, fibrillin, another ECM
protein present in Chlamydomonas reinhardtii
and its homolog in humans (fibrillin 1), also
showed regions of amyloid-forming propensities
(Fig. 7.4c). Moreover, comparison of collagen
sequences from several organisms including
Chlamydomonas reinhardtii, Volvox carteri,
Caenorhabditis elegans, and Homo sapiens also
revealed the presence of amyloid-prone regions
(Fig. 7.4d). However, the frequency of occur-
rence of the amyloidogenic region varied across
the organisms. Our preliminary study on ECM
protein sequence showed that amyloid-prone
regions are not only present in ECM proteins of
lower organisms but are also prevalent in the
higher homologs. Our bioinformatics analysis is
in support of the possibility that, during early life,
proteins related to the ECM could exist in an
amyloid state and the modern homologs of such
proteins retain amyloid-forming capability. For
example, CD2, a cell adhesion molecule of the
rat, was shown to form amyloid fibrils (Carroll
et al. 2006). However, further studies of this
hypothesis, by extrapolating with predictions
based on structural information, for example, the
calculation of Rosetta energy (Goldschmidt et al.
2010), simulations with short primitive peptide
sequences, or correlation studies with proteins
from a particular phylogenetic tree, are required
to confirm this hypothesis.
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Fig. 7.4 The amyloid propensity of ECM proteins.
WALTZ algorithm was used to analyze the aggregation-
prone regions of various ECM proteins of the lower

organism and its homologs in humans. (a) Basement
membrane proteoglycan protein of Caenorhabditis
elegans (Q06561) and basement membrane-specific
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7.7 Conclusion

Amyloids are ancient protein fold that is not only
associated with diseases but can also perform
functions in host organisms. Amyloids, due to
its characteristic cross-β-sheet structure and dis-
tinctive surface properties, are utilized by various
organisms for biological functions such as adhe-
sion, colonization, and storage. In this regard, our
preliminary sequence analysis study on various
ECM proteins of lower and higher organisms
suggests that amyloidogenic regions are a com-
mon feature in many ECM proteins. In addition,
mammalian cells were also shown to adhere onto
amyloid fibrils due to the unique stickiness of the
amyloid fibrils and ECM-mimetic nano-topogra-
phy. Moreover, the superior material properties of
the amyloids are also currently being exploited
for different nano-biotechnological applications.
In line with these findings, proteins/peptides
could be used as building blocks to construct
amyloid-based substrates that are cell adhesive
and could lead to the development of a novel
class of scaffolds that have applications in various
fields of tissue engineering and biomaterial
design.
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The Prospects of Cadherin-23
as a Mediator of Homophilic Cell-Cell
Adhesion

8

Malay Kumar Sannigrahi, Sai Srinivas, and Sabyasachi Rakshit

Abstract

Cadherins (calcium-dependent adhesion
proteins) constitute a family of cell surface
proteins that mediate cell-cell adhesion and
actively participate in tissue morphogenesis
and in mediating tissue integrity. The ecto-
domains of cadherins from opposing cell
surfaces interact with each other to form the
load-bearing trans-dimers and mechanically
hold cells together. The “classical” cadherins
and desmosomes that form separate groups in
cadherin superfamily are mostly explored for
their roles in cell-cell adhesion. However,
majority of cadherins in cells belong to “non-
classical” group which is poorly explored in
the context of their cell-binding properties.
This review focuses on the role of “nonclassi-
cal” cadherin, cadherin-23, in cell-cell adhe-
sion. Overall, this review highlights the need
for further investigations on the role of “non-
classical” cadherin-23 in cell-cell adhesion.

Keywords

Nonclassical cadherins · Cadherin-23 · Cell-
cell adhesion · Cancer

8.1 Introduction

Cell-cell adhesion is the foremost requirement for
the development of multicellular organisms and
subsequently tissue morphogenesis. The overall
cell-cell adhesion complex is comprised of vari-
ous cell surface proteins forming different
junctions importantly, adherens junction (AJ),
desmosomal junction (DJ), tight junction
(TJ) and gap junctions (GJ). Among these, AJs
and DJs are known to provide the adhesive
strength of the junction and prevent tissues from
dissociation into component cells in response to
external forces. Proteins that predominantly
orchestrate the AJs are cadherins. Cadherins
interact homophilically with itself from apposing
cell surfaces and form AJs. Initially, they were
named after the tissue in which they are preferen-
tially expressed (e.g. epithelial [E-cadherin], neu-
ral [N-cadherin], placental [P-cadherin], retinal
[R-cadherin] and vascular endothelial
[VE-cadherin]). However, now they are broadly
classified as classical cadherins. DJs are formed
by desmosomal cadherins. The hallmark of these
cadherin proteins is the extracellular
(EC) domains, connected by conserved linker
chains in complex with Ca2+ ions that define the
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bending rigidity of the proteins. Based on this
domain organization, more members known as
nonclassical or atypical cadherins (clustered
protocadherins, Fat cadherins, Dachsous
cadherins, cadherin-23, Flamingo and many
more) have been registered in the cadherin super-
family. In general, all cadherins feature a cleav-
able pro-domain (signalling domain, ~20–26
residues long), varying numbers of EC domains
(each domain containing ~110 residues), short
transmembrane(TM) region and cytoplasmic
domains (CD). Classical cadherins and desmo-
somal cadherins have five EC domains, clustered
protocadherins have six EC domains, and non-
classical cadherins have domain numbers varying
from 2 to 34 (Fig. 8.1) (Sotomayor et al. 2014).

Unlike homological extracellular domains, the
cytosolic domains of cadherins are different
within the family and poorly classified. However,

their link to cytoskeleton via the number of
interacting proteins is unique and classifies spe-
cific adhesion junctions. In case of AJs, the cyto-
solic region of classical cadherins that is
conserved within its subfamily binds to the actin
filaments via the armadillo family of proteins
(α-catenin, β-catenin, p120-catenin). Similarly,
desmosomal cadherins also possess a conserved
cytosolic domain within its subfamily and bind to
intermediate filaments via plakoglobin family of
proteins. For nonclassical cadherins, along with
the EC domain numbers, the cytosolic domains
also differ for individual proteins and often within
isoforms. The protein complex linking to cyto-
skeleton is also not well-understood for nonclas-
sical cadherins. As a consequence, the
involvement of nonclassical cadherins in cell-
cell adhesion is not clear, even though they are
the largest members in cadherin family of
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Fig. 8.1 Structural difference in different types of
cadherins: Classical cadherins have similar structure,
with five extracellular cadherin repeats, a transmembrane
domain and an intracellular domain that interact with

β-catenin, whereas nonclassical cadherins like Cdh-23
have 27 extracellular domains and distinct cytosolic
domains that don’t have an β-catenin binding site
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proteins. We mainly focus our study on the per-
spective of a giant cadherin-23 (Cdh-23), as cell-
cell adhesion molecule. Cdh-23 is known for its
unique nature of engagements in both homophilic
interactions and heterophilic interactions,
forming homotypic and heterotypic cell-cell
junctions, and has been associated with carci-
noma, Usher syndrome and many more.

8.2 Cadherin-23

Cdh-23 is one of the tip-link proteins in hair cells
and, in partnering with protocadherin-15 (Pcdh-
15) in tip-links, conveys the force to
mechanosensitive ion channels (Gillespie and
Muller 2009) directly as gating springs. During
the early development of the stereociliary organi-
zation and hair bundle formation in hair cells,
Cdh-23 was observed engaged in lateral links
however homophilically (Michel et al. 2005). In
the retina, Cdh-23 is localized at the synaptic
region of the photoreceptive cells and mediates
cell-cell adhesion (Lagziel et al. 2005). They were
found to be mutated in Usher syndrome, a hered-
itary deafness and blindness disease in humans,
and also in the non-syndromic deafness’s
DFNB12 and DFNB23 (Sakaguchi et al. 2009).

Crystallographic studies have shown that the
first and second extracellular repeats (EC1–2) of
Cdh-23 and Pcdh-15 adopt the typical cadherin
folds and mediate trans-interactions between the
two cadherins (Sotomayor et al. 2012). Electron
tomography revealed a unique pattern in the
cis-homodimer of Cdh23: a pair of Cdh-23
molecules aligned in the same orientation and
intertwined to form a helical complex through
interactions between all EC domains except the
two terminal ones, EC1 and EC2 (EC1 + 2),
which remained exposed outwards to facilitate
trans-interactions (Kazmierczak et al. 2007). The
amino termini of the two cadherins co-localize on
tip-link filaments. They were shown to interact
with each other as dimers. Biochemical
experiments show that Cdh-23 homodimers inter-
act in trans with Pcdh-15 homodimers to form a
filament with structural similarity to tip-links
(Kazmierczak et al. 2007). Cdh-23 also lacks the

sequence determinants for either S- or
X-dimerization. Moreover, the EC1 domain of
Cdh-23 has several unique features: a 5 residue
long 310-helix just prior to the A* β-strand, a
α-helical loop connecting two β-strands and,
most strikingly, an additional Ca2+-binding site
towards the N-terminus (Sotomayor et al. 2012).

Apart from neuroepithelial tissues, Cdh-23 is
uniformly expressed in organs like the brain,
lymph node, kidney, gastrointestinal tract, testis
and skin (reported in The Human Proteome Atlas
(THPA)) (Fig. 8.2) (Thul et al. 2017; Uhlen et al.
2015, 2017). The Cancer Genome Atlas (TCGA)
data showed decreased expression of Cdh-23 in
most of the solid cancers including sarcoma, adre-
nocortical carcinoma, cervical cancer, head and
neck squamous cell carcinoma, lung cancer, kid-
ney renal clear cell carcinoma, breast cancer and
more (Fig. 8.3). In vitro studies with the MCF-7
breast cancer cell lines have confirmed the
involvement of Cdh-23 in homotypic cell-cell
adhesion, similar to classical cadherins.

Further, it was observed that Cdh-23 was at the
heterotypic cell-cell junctions between MCF-7
and normal breast fibroblasts (NBFs) suggesting
its involvement towards tumour metastasis where
interaction with connective tissues is the foremost
requirements (Apostolopoulou and Ligon 2012).
In both homotypic and heterotypic cell-cell
junctions, Cdh-23 from opposing cell surfaces
was interpreted to be participating in homophilic
interactions. The immunoblot of the cell extracts
from MCF-7 and NBF cells featured two bands,
corresponding to isoform B and isoform C and
not the full-length protein (Apostolopoulou and
Ligon 2012).

As depicted in Fig. 8.4, isoform B contains the
last seven EC domains (20–27), a short TM
domain and a distinct cytosolic domain. Isoform
C contains only a cytosolic part free from the
membrane. It is interesting to note that both
these isoforms lacked the outermost domains but
still found engaged in cell-cell adhesion junction
(Apostolopoulou and Ligon 2012). In contrary,
upon using EC1-specific antibodies, authors
observed the blockage of Cdh-23-specific
interactions at the cell-cell level. The
immunoblots are not involved in cell-cell
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Fig. 8.2 Expression of cadherin-23 in different tissues of humans as observed in The Human Proteome Atlas (THPA)

Fig. 8.3 Log2 values of RNA-Seq by Expectation-
Maximization (RSEM) of cadherin-23 in different cancer
tissue samples and respective control. The data was

collected from The Cancer Genome Atlas (TCGA) and
analysed by FireBrowse Gene Expression Viewer
(**Abbreviations are mentioned in a table)
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contacts; rather the isoform containing EC1
domain (possibly isoform A, the full-length
cadherin), not captured in immunoblots, is
engaged in the cell-cell contact formation. The
western blots as well as qRT-PCR performed in
our laboratory confirmed the presence of full-
length cadherins in MCF-7, though expression is
very low (Singaraju et al., unpublished).

Unlike classical cadherins, the cytosolic part
of Cdh-23 was not found to associate with
β-catenin. However, Cdh-23 was shown to bind
to the PDZ4 domain of a scaffolding protein,
MAGI-1, a member of the family of membrane-
associated guanylate kinases (MAGUK)
(Xu et al. 2008). MAGI-1 can bind to β-catenin
via its PDZ5 domain, suggesting that MAGI-1
may act as a bridge between cdh-23 and
β-catenin (Dobrosotskaya and James 2000). In
neuroepithelial, the cytosolic domain of Cdh-23
was found to interact with PDZ1 domain of
harmonin B. Harmonin B has three PDZ domains
and two coiled-coil (CC) domains. PDZ1 domain
of harmonin B is known to interact with the tail of

myosin-7a motor protein and connect Cdh-23 to
actin cytoskeleton. Cdh-23 C isoform is linked to
F-actin bundle network through harmonin A iso-
form (Takahashi et al. 2016) (Fig. 8.5).

Ex vivo experiments with non-aggregating
L929 cells expressing recombinant full-length
Cdh-23 were also shown to form aggregates
exclusively via homophilic interactions. The
aggregation index of Cdh-23 was higher com-
pared with those L929 cells expressing recombi-
nant full-length E-cadherin. Also, the cells
aggregated into two separate groups expressing
either of the two proteins and did not form mixed
aggregates suggesting nonclassical cadherins and
classical cadherins don’t interact with each other
(Siemens et al. 2004). Further, genome-wide
association studies (GWAS) of kidney function
have identified a strong association of Cdh-23
with cross-sectional estimated glomerular filtra-
tion rate (eGFR), and its knockdown in zebrafish
embryo resulted in severe oedema, suggesting its
important role in normal kidney functions (Gorski
et al. 2015).

Fig. 8.4 Different isoforms of cadherin-23 as obtained
from NCBI (Gene 64,072). Isoform A/1 is the largest
isoform (370 Kd) having cytosolic (CD), transmembrane
(TM) and 27 extracellular (EC) domains; isoform B/(6 &

7) have less numbers of EC domains than the full-length
CD and TM; isoform C/(8 & 9) have only CD; and isoform
2, 3, 4 and 5 have only a variable number of EC domains
and no TM domain and CD
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In neuroepithelium tissue, Cdh-23 interacts
heterophilically with Pcdh15 and links the apex
of two neighbouring stereocilium. This link is
called the “tip-links” which serves as gating
spring for mechano-responsive ion channels in
hearing (Elledge et al. 2010; Sotomayor et al.
2012). However, tip-links is not a true cell-cell
junction. Jaiganesh et al. (2017) have reviewed
the molecular and cellular details of this
heterophilic structure, and we therefore avoid
repeating here (Jaiganesh et al. 2017).

8.3 Conclusion

Since their discovery, the nonclassical cadherins
are known for their role in tissue morphogenesis.
They usually have varying numbers of EC

domains (each domain containing ~110 residues),
short transmembrane domains and cytoplasmic
domains. Recently, many of them have been
explored for their role in either homophilic or
heterophilic cell adhesion. The assembly of
cadherin-containing AJs is essential for the for-
mation and maintenance of cellular and tissue
integrity as well as activation of many intracellu-
lar pathways. The nonclassical cadherins also
play a very important role in adhesion, migration
and patterning of a variety of tissues. However,
still little is known about the distribution of non-
classical cadherin on the cell membrane, to under-
stand how these various cadherin-cadherin
interactions on cell surface levels are regulated
and to determine the biological contexts in which
their influence is most important in normal tissue
and various diseases including cancer.

Fig. 8.5 Cadherin-23 isoforms contain PDZ-binding
motif in the cytosolic domain through which it interacts
strongly with PDZ1 domain of harmonin isoform B. PDZ1
domain of harmonin B is known to interact with the tail of
Myosin-7a motor protein and connect cadherin-23 to actin
cytoskeleton. Cadherin-23 isoform C is connected to

microtubule minus-end binding protein called NEZHA/
CAMSAP3, hence indirectly regulating microtubule net-
work. NEZHA is known to interact with protein
PLEKHA7 which helps in stabilization of microtubule
network. Cadherin-23 C is linked to F-actin bundle net-
work through harmonin A isoform
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Structural-Mechanical and Biochemical
Functions of Classical Cadherins at
Cellular Junctions: A Review and Some
Hypotheses
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Abstract

This article begins with a general review of
cell adhesion molecules (CAMs) and narrows
the focus down progressively to the cadherins
(calcium binding-dependent CAMs),
classifications of subfamilies of the cadherins,
type I (E- and N-) cadherins, evolutionary
relationships amongst cadherins, structural-
mechanical and functional consequences of
calcium binding to the cadherins, differential
molecular interactions involving the extracel-
lular (ecto) and intracellular (cytoplasmic)
domains of the cadherins, multiple
adherence-related homophilic and heterophilic
interactions and associated functions of E- and
N-cadherin in organismal development and
disease and cadherin trafficking and mem-
brane rafts. It ends by summarizing multiple
perspectives and hypotheses concerning dif-
ferent aspects of cadherin structure, stability
and function.

Keywords

Cell adhesion · Epithelial cadherins · Neuronal
cadherins · Cadherin interactions · Cadherin
trafficking · Calcium binding · Cancer ·
Metastasis · Development

9.1 Cell Adhesion Molecules
(CAMs)

A fundamental determinant of the formation, and
maintenance, of diverse three-dimensional
assemblies of cells within biological tissues or
organs, is the mechanism by which any cell
manages to adhere to its neighbouring cells. The
surfaces of cells in multicellular organisms dis-
play a variety of cell adhesion molecules (CAMs)
that work to keep the trillions of cells in the
organism tied together into a composite and sin-
gular ‘whole’, mediating and regulating cell-cell
interactions.

CAMs bind either to the molecular
components of the extracellular matrix within
which a cell happens to be embedded or to other
CAMs displayed on the surfaces of neighbouring
(or juxtaposed) cells. CAMs thus play very
important roles in determining cell shape and
integrity. Notably, CAMs also play very impor-
tant roles in cell-cell and environment-cell signal-
ling by linking up with proteins like the catenins,
which are associated with the actin-based cellular
cytoskeleton. Consequently, CAMs also play
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roles in cellular homeostasis and tissue
morphogenesis.

CAMs can be broadly classified into (i) calcium
binding-dependent and (ii) calcium binding-
independent CAMs. Molecules such as the
selectins or the cadherins are examples of calcium
binding-dependent CAMs, whereas molecules
such as the integrins or the immunoglobulins
(including various members of the larger immuno-
globulin superfamily) are examples of calcium
binding-independent CAMs.

Amongst the calcium binding-independent
CAMs, the integrins are CAMs that interact either
with components of the extracellular matrix, such
as fibronectin, collagen or fibrinogen, or with
CAMs on the surfaces of other cells. The other
calcium-independent CAM mentioned above,
i.e. the immunoglobulin superfamily, is a group
of cell surface glycoproteins consisting of immu-
noglobulin (Ig)-like structural domains consisting
of 70–110 amino acids each. These Ig-like
domains exhibit both heterophilic and homophilic
interactions. To take some examples, ICAMs, or
intercellular cell adhesion molecules, engage in
heterophilic interactions and bind to other CAMs
such as integrins, whereas N-CAMs, or neural
cell adhesion molecules, engage in homophilic
interactions and participate in cell-cell adhesions
through interaction with other N-CAMs (Cruse
et al. 2004).

Amongst the calcium binding-dependent
CAMs, the selectins are a group of cell surface
glycoproteins which bind to fucosylated
carbohydrates. Different types of selectins turn
out to be expressed on different types of cells,
e.g. P-selectin is expressed on the surfaces of
platelets and leukocytes; L-selectin on the
surfaces of leukocytes, monocytes, neutrophils
and eosinophils; and E-selectin on the surfaces
of endothelial cells. The functions of the selectins
vary considerably. For example, they range from
leukocyte trafficking to signal transduction
(Lodish et al. 2000).

Like the selectins, the molecules which are the
focus of this review, i.e. the cadherins, constitute
a distinct group of calcium binding-dependent
CAMs. The cadherin superfamily is a multigene
family of proteins with diverse structures and

functions. Cadherins tend to localize at ‘adhesion
junctions’ which are the dominant structural
features visible at cell-cell adhesion interfaces.

9.2 The Cadherins: Calcium
Binding-Dependent CAMs

The cadherins mediate cell adhesion in a calcium
binding-dependent manner. All cadherins are
multidomain proteins. The extracellular domains
of the cadherins are a series of domain repeats,
displaying considerable mutual sequence as well
as structural similarities, suggestive of an origin
based on gene duplication. Three calcium ions
bind to each of the linker peptides separating
any two extracellular cadherin domains. The
length of each extracellular (or ecto) domain of
a cadherin is about 110 amino acids. Every mole-
cule of a cadherin is a membrane-displayed pro-
tein consisting of a cytoplasmic domain, a single-
pass transmembrane region and multiple extracel-
lular ‘repeat’ domains known as ‘ectodomains’.
In mammalian cadherins, the number of the extra-
cellular repeat domains available for adhesive
interactions usually varies from 2 to 34 contiguous
domains. The classical cadherins and
protocadherins, however, have only about five to
seven ectodomains (Suzuki and Hirano 2016).
Each cadherin ectodomain has a fold similar to
that of the Ig or Ig-like domains, i.e. the typical
cadherin ectodomain contains seven β-strands
arranged into two β-sheets that associate into a
beta-sandwich fold, exactly as is seen in any Ig or
Ig-like domain, however with distinct topological
differences, i.e. with different contact schemes of
the constituent β-strands from that seen in the
Ig-like domains.

Unlike the ectodomains, the cytoplasmic
domains of the cadherins have only a few
conserved motifs, and these are seen amongst
specific subfamilies of cadherins involved in
binding or interaction(s) with cytoplasmic
proteins. For example, β-catenin and catenin
p120 (p120ctn) bind to two catenin-binding
motifs in the cytoplasmic domains of the classical
cadherins. Since these cytoplasmic domains are
exceptionally diverse, they form the basis of the
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categorization of the cadherin superfamily into
various subfamilies (Suzuki and Hirano 2016).

9.3 Different Subfamilies
of Cadherins

The cadherin superfamily is divided into four
major subfamilies. These are (a) classical
cadherins, (b) protocadherins, (c) desmosomal
cadherins and (d) atypical cadherins (Priest et al.
2017). Below, we provide a brief description of
each of these subfamilies, before we bring this
review’s focus primarily on to the classical
cadherins.

(a) Classical cadherins. The classical cadherins
constitute a major subgroup of the cadherin
superfamily. In most higher organisms, the
classical cadherins are characterized by the
presence of a five domains-long extracellular
region, a transmembrane region and a cyto-
plasmic region which consists of a folded
domain that interacts directly with p120
and β-catenin and indirectly with α-catenin,
to link up to actin filaments through protein-
protein associations. The classical cadherins
are further subclassified primarily into
types, I, II, III and IV. Type I and type II
classical cadherins are present only in
vertebrates. They are classified on the basis
of the tissue within which they were first
identified. In vertebrates, there are 6 type I
cadherins and 13 type II classical cadherins.
Type III classical cadherins are found both
in vertebrates and invertebrates, but not in
mammals. Below, we provide a brief over-
view of these three types of classical
cadherins. Type I classical cadherins consist
of proteins like epithelial cadherin or
E-cadherin which is known as CDH1 and
neuronal (or neural) cadherin, known as
N-cadherin, or CDH2. The type I classical
cadherins display a conserved HAV
tripeptide motif and a conserved tryptophan
at the second position in the most distal
domain, EC1, located farthest from the

plasma membrane (Shapiro et al. 1995).
The type I cadherins have five main
members, which include CDH1
(E-cadherin, epithelial), CDH2
(N-cadherin, neuronal), CDH3 (P-cadherin,
placental), CDH4 (R-cadherin, retinal) and
CDH15 (M-cadherin, myotubule) (Suzuki
and Hirano 2016). Type II classical
cadherins consist of proteins like vascular
endothelial (VE)-cadherin which is known
as CDH5 and kidney (K)-cadherin which is
known as CDH6 (Gumbiner 2005;
Leckband and Prakasam 2006). Type II clas-
sical cadherins are characterized by the pres-
ence of two conserved tryptophan residues
at the second and fourth positions (Trp2 and
Trp4) in the most distal domain, EC1, but
they lack the HAV tripeptide which is pres-
ent in the type I cadherins (Shapiro and Weis
2009). There are currently 13 named type II
cadherins, these being CDH5 (VE-cadherin,
vascular endothelium), CDH6 (K-cadherin,
foetal kidney), CDH7, CDH8, CDH9
(T1-cadherin, testis), CDH10 (T2-cadherin,
testis), CDH11 (OB-cadherin, osteoblast),
CDH12, CDH18, CDH19, CDH20,
CDH22 and CDH24. The type III classical
cadherins possess a variable number of
ectodomain repeats (Oda et al. 2002; Tanabe
et al. 2004). They also possess a conserved
region called the primitive classical cadherin
domain (PCCD) which lies between the
cadherin repeats and the transmembrane
helix. For the maturation of E-cadherin in
Drosophila, proteolytic cleavage of PCCD
is required (Oda and Tsukita 1999),
indicating that type III and type I cadherins
interact. Type IV cadherins have seven
ectodomains.

(b) Protocadherins. More than 80 members of
the cadherin superfamily together constitute
another group of cadherins known as
protocadherins. These are mainly expressed
in the developing and mature vertebrate ner-
vous system, although low levels of expres-
sion are also seen in the lungs and the
kidney. The protocadherins possess six or
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seven ectodomain repeats. These are highly
conserved amongst the protocadherin sub-
group but show low sequence homology
with other members of the cadherin super-
family (Hulpiau and Van Roy 2009). As
with other cadherins, in addition to
ectodomains, the protocadherins have a
single-pass transmembrane domain and a
very distinct and specific cytoplasmic
domain which, however, lacks motifs for
catenin binding (Sano et al. 1993; Wu and
Maniatis 1999; Nollet et al. 2000; Vanhalst
et al. 2005). Based on their genomic organi-
zation, protocadherins are further classified
into clustered and non-clustered
protocadherins.

(c) Desmosomal cadherins. Like the classical
cadherins, desmosomal cadherins also pos-
sess a highly conserved extracellular region
consisting of five repeat domains (Boggon
et al. 2002; Delva et al. 2009; Shapiro and
Weis 2009). The cytoplasmic domain in
these cadherins interacts with the β-catenin-
related protein, armadillo, with plakoglobin
and also with the plakophilins which are
associated with the intermediate filaments
(Hatzfeld 2007; Carnahan et al. 2010;
Al-Amoudi et al. 2011). Desmosomal
cadherins known as the desmogleins and
desmocollins are highly expressed in epithe-
lial tissues and cardiac muscle (Nollet et al.
2000; Green and Simpson 2007; Hulpiau
and Van Roy 2009). Desmosomal cadherins
exhibit both homophilic and heterophilic
interactions (Green and Simpson 2007;
Thomason et al. 2010). Desmosomal adhe-
sion is crucial for the stability of adhesion
junctions in epithelial cell sheets and in the
regulation of epidermal differentiation
(Garrod et al. 2002).

(d) Atypical cadherins. The main atypical
cadherins are Dachsous (Ds), Fat, and Fla-
mingo (Fmi). These are required for planar
cell polarity signalling (Halbleib and Nelson
2006). Unlike classical and desmosomal
cadherins, each of which have five extracel-
lular or ecto (EC) domains, Ds and Fat are

characterized by the presence of 27 and
34 extracellular repeat domains, respec-
tively. The cytoplasmic domains of Ds and
Fat show sequence homology with the
catenin-binding motifs present in classical
cadherins (Mahoney et al. 1991; Clark
et al. 1995). In mammals, Fat1 interacts
with Ena/VASP, a family of proteins
involved in regulation of actin cytoskeleton
assembly and dynamics (Moeller et al. 2004;
Tanoue and Takeichi 2004). Fmi-1 is quite
unique as it contains a seven-pass transmem-
brane region and nine extracellular domain
repeats (Nakayama et al. 1998), causing it to
be one of the most atypical cadherins yet
known. Another much-discussed atypical
cadherin is cadherin-23, or CDH23, which
has 27 extracellular repeat domains and
plays a role in hearing involving stereocilia
(Siemens et al. 2004).

9.4 Evolutionary Relationships
Amongst the Cadherins
and Their Ectodomains

Several classifications have been made in respect
of the cadherins. One of the earliest classifies
them broadly into classical cadherins,
protocadherins, desmosomal cadherins and
cadherin-related genes or atypical cadherins
(Suzuki 1996), even as summarized in the imme-
diate previous section. In embryos undergoing
development, the role of the classical cadherins
is particularly important. Their evolutionary
origins and connections with other cadherins
have, therefore, been of some interest.

Invertebrate Cadherins DNA sequencing
techniques and sequence comparisons have
helped to trace the origins of the cadherins. In
organisms like Branchiostoma floridae (lancelet),
Nematostella vectensis (sea anemone) and
Trichoplax adhaerens (primitive placozoan)
which occupy key positions in studies of meta-
zoan evolution, sequencing reveals the presence
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of 30, 16 and 8 cadherin genes (or cadherin-like
genes), respectively, in their genomes. The
genome of the sea urchin, Strongylocentrotus
purpuratus, contains 14 cadherin-like genes.
The worm, Caenorhabditis elegans, has 12, and
the fly, Drosophila melanogaster, has 17. In the
closest known relative of the metazoans,
Monosiga brevicollis (a unicellular
non-metazoan choanoflagellate), 23 putative
cadherin-like genes have been identified (Murray
and Zaidel-Bar 2014). Members of cadherin
families, lefftyrin, coherin and hedgling, were
present in the last common ancestor of choanofla-
gellates and metazoans. Mainly present in
choanoflagellates and sponges, these may have
evolved by domain shuffling and lateral gene
transfer. These genes are speculated to have adhe-
sive functions in these organisms (Nichols et al.
2012). Cadherins containing extracellular domain
repeats linked to Src homology 2 (SH2), Hedge-
hog N-terminal peptide (N-hh), immunoglobulin
(Ig) and von Willebrand type A domains are seen
in M. Brevicollis and Amphimedon
queenslandica. Cadherins which are now classi-
fied as Fat cadherins are also observed in sponges
and sea urchins. The conserved cadherin cyto-
plasmic domain containing β-catenin binding
sites is also observed in N. Vectensis (Abedin
and King 2008). The function of cadherins in
these unicellular organisms is largely unknown,
but they are found to be localized in the api-
cal, collar and basal pole of these cells. They
play a role in cell shape and polarity and facilitate
intracellular processes by taking cues from extra-
cellular environment.

Human Cadherins The human genome
encodes 114 cadherins. Although many arise
through alternative splicing of mRNA, the pres-
ence of such a sizeable repertoire of genes has
caused them to be classified as ‘cadherin main
branch’ and ‘cadherin-related major branch’. The
cadherin-related major branch mainly consists of
protocadherins, whereas the cadherin main
branch consists of classical (type I) cadherins
and atypical (type II) cadherins. Evolution of
such a large superfamily of proteins appears to

have mainly resulted from whole-genome
duplications, individual gene duplications and
diversification of duplicated genes. Type I
cadherins consist of CDH1/E-cadherin/epithelial
cadherin, CDH2/N-cadherin/neuronal cadherins,
CDH3/P-cadherin/placental cadherins, CDH4/R-
cadherin/retinal cadherin and CDH15/M-
cadherin/myotubule cadherins. Each of these
consists of the same number (five) of extracellular
domains and a highly conserved tryptophan at
position 2 (used for adhesion), and cytoplasmic
domains are used for association with other
proteins of the armadillo family and β-catenin
(Hulpiau and Van Roy 2010).

Origins of the Five Ectodomains Bioin-
formatics-based analyses of DNA and protein
sequences from divergent organisms reveal that
an ancestral five repeat cadherin gene arose
before divergence into paralogs. Repeated dupli-
cation of the extracellular domains appears to
have led to the formation of a classical cadherin
prototype in which introns were inserted because
the introns in all cadherin genes are present in
exactly the same locations. After divergence of
this basic linear gene structure of the cadherin
gene into different organisms, mutations could
have occurred at fixed rates. Of the five classical
cadherins, N-cadherins show the least rate of
change because of a selection pressure placed on
it due to its presence in the nervous systems. The
existence of duplicates of gene paralogs could
generate a wider scope for intragenomic recombi-
nation. It could also lower selection pressure on
copies due to greater redundancy. The somatic
morphology of organisms changes dramatically
in vertebrates. So, the E-cadherins are placed
under much less selection pressure and appear to
have evolved faster than N-cadherins (Gallin
1998).

The domains I and II (reckoning from the
N-terminal) of E-cadherins only share 25%
sequence identity with each other, whereas
domains III, IV and V show no significant simi-
larity in their sequences. Conservation is
observed at different residue positions amongst

9 Structural-Mechanical and Biochemical Functions of Classical Cadherins at. . . 111



different domains. Position A5 is occupied by
Glu in all sequences of domains I, II and III,
while this position is shared by Gln and Asp in
case of domains IV and V. A1 position in EC I of
all cadherins is shared by hydrophobic residues,
and EC II shares Gly and Ala residues. The posi-
tion D1 is also conserved for hydrophobic
residues for domain I and conserved for hydro-
phobic and aromatic position for domains II and
IV. Domain V is the least conserved domain
amongst classical cadherins. The gaps (deletions
and insertions) in sequences of ectodomains are
almost always found at the borders of strands or
helices (Kister et al. 2001). Various studies have
suggested that the five and seven extracellular
domains of type I and type IV cadherins have
independently evolved from a common ancestral
cadherin that is represented by type III cadherins.
EC1 of type I cadherin and the EC6 of type IV
cadherin appear to have evolved from the same
extracellular cadherin domain in the common
precursor (Nishiguchi et al. 2016).

Relationships with Other Cadherins Phy-
logenetic studies reveal that the different
cadherins, namely, N-, E-, R- and P-, group
together more closely than do cadherins from a
single species. This indicates that they are
paralogs which originated before the divergence
of mammals, birds and amphibians. Studies sug-
gest that E- and P-cadherins belong to one
paralog group, while N- and R-cadherins belong
to another group. In the E-/P-cadherin group,
domains I and II are most closely related and so
are domains III and IV. In the N�/R-cadherin
paralog group, domains I and V are most closely
related and so are domains II and IV (Gallin
1998). A total of 72 amino acids at the
C-terminal end of the cytoplasmic domains of
E-, P- and N-cadherins are highly conserved
(Niessen and Gumbiner 1998). Protein sequence
similarity searches demonstrate sequence
similarities of the outermost extracellular
domain, EC1 of N-, R- and P-cadherins to the
EC1 of E-cadherins, to be 77–78% (Nollet et al.
2000). In terms of adhesive properties, in simu-
lation studies, R-cadherins appear to have

greater homophilic as well as heterophilic bind-
ing affinities than E-cadherins (Vendome et al.
2014).

9.5 The Type I Classical Cadherins,
E-Cadherin and N-Cadherin

The classical cadherins are a large family of cell
surface glycoproteins essential for tissue morpho-
genesis and development (Takeichi 1995). In
both vertebrates and invertebrates, they are
characterized by the presence of extracellular
(EC) domains, each consisting of 110 amino
acid residues folded into a β-sandwich structural
motif. The calcium binding regions are highly
conserved amongst species (Nollet et al. 2000;
Posy et al. 2008). The type I classical cadherins
occur only in vertebrates. In this review, our focus
is primarily on two type I classical cadherins:
epithelial cadherin (E-cadherin) and neuronal or
neural cadherin (N-cadherin).

Once an E-cadherin or N-cadherin molecule
has begun to be synthesized and emerges from a
ribosome, the signal peptide at its N-terminus
facilitates the molecule’s secretion into the
lumen of the endoplasmic reticulum. This causes
the five extracellular domains (EC1–EC5) of the
cadherin to be serially and progressively
transported across the membrane. Transport
stops with the transmembrane (single-pass)
region crossing the membrane and getting
retained and not allowed to be secreted, causing
the domain that follows it, i.e. the cytoplasmic
domain, to fold on the cytoplasmic side of the
membrane. The folded cytoplasmic domain then
binds to catenins, at some point. The catenins are
linked to the actin cytoskeleton. Prior to the com-
pletion of this entire assembly, the budding of the
ER into vesicles takes place. These vesicles travel
to the cell membrane and fuse with it, and this
causes the cadherins to appear on the cell surface,
where they can perform their adhesive function
(s) involving the extracellular matrix or other
cells, with their extracellular domains, or
ectodomains, facing the outside of the cell. Prior
to their appearance on the cell surface, the signal

112 P. Tiwari et al.



peptide and the pro-domain immediately follow-
ing the signal peptide are required to be excised
and removed at some stage, by proteases present
in the lumen of the ER (as occurs with most
secreted proteins).

Figure 9.1 shows a representation of a classical
(E- or N-) cadherin molecule incorporated into
the endomembrane system, prior to the proteo-
lytic removal of the signal peptide and the
pro-domain, i.e. as the entire translated polypep-
tide, with a putative interaction having already
occurred with the catenins. This diagram must
not be taken literally, in that it is rather unlikely,
although not impossible, for cadherins to interact
with the cytoskeleton prior to the removal of the

N-terminal regions of the molecule. Following
excision and removal of the signal peptide and
the pro-domain and following transport to the cell
surface, the outermost section of the cadherin
which then comes into contact with similarly
processed cadherins on the surfaces of juxtaposed
cells is the domain known as EC1.

The E- and N-cadherin ectodomains show
sequence homology as well as structural homol-
ogy with each other (Patel et al. 2003; Chen et al.
2005; Posy et al. 2008). As shown below in
Fig. 9.2, the structures of the EC1 and EC2
ectodomains of E- and N-cadherins are perfectly
superimposable, both in cases in which these
domains are drawn from the same cadherin and

Fig. 9.1 Schematic diagram representing an E- or
N-cadherin and its interactions with the cytoskeleton.
The entire translated polypeptide is shown; however, the
signal peptide and the pro-domain are removed through

protease action, prior to adhesive function, and this
removal presumably also precedes the interaction with
actin for most molecules

Fig. 9.2 Backbone ribbon diagram representations
displaying the structural similarity and superimposability
of various pairs of the first two ectodomains, EC1 and
EC2, of E-cadherin (E1, E2) and N-cadherin (N1, N2).

The figures were generated using the software PYMOL
using PDB ID 3Q2V for mouse E-cadherin and PDB ID
3Q2W for mouse N-cadherin. Structure superimposition
was also done using PYMOL
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also where they are drawn from different
cadherins, for comparison.

Notably, however, this structural homology
does not extend to all five ectodomains. The
structures of EC3, EC4 and EC5 are quite unlike
the structures of the EC1 and EC2 domains. As
shown in Fig. 9.3, the structures of EC1 and EC5
of E-cadherin (E1, E5) are not as similar to each
other as the structures of EC1 and EC2 of
E-cadherin (E1, E2) shown superimposed in
Fig. 9.2. Figure 9.3 also shows (i) how dissimilar
the structures of the other cadherin domains
(which are more membrane-proximal) tend to
be, in respect of the E- and N-cadherins, as well
as (b) how the membrane-distal and membrane-
proximal domains tend to be dissimilar, although
all of these ectodomains (or EC domains) consist
of similar beta-sandwich folds.

9.6 Effects of Binding of Calcium
to E- and N-Cadherins

Of all the CAMs, the cadherins, in particular,
show a unique dependence on extracellular cal-
cium for their activity, i.e. for the occurrence of
homophilic interactions with other CAMs. There
are three calcium-binding sites present in each
inter-domain region, showing sequential binding
to three calcium ions suggestive of a cooperative
mechanism of calcium binding. The calcium ions
are bound by the negatively charged, aspartate
and glutamate side chains and by the backbone
oxygen. The inter-domain regions possess three
copies of the consensus sequence, DXNDNXP,

acting as the master binding motifs for the three
calcium ions. Within these, the calcium-binding
sequences, PENE (residues 10–13), LDRE
(residues 66–69) and DAD (residues 134–136),
utilize their aspartate and glutamate residues to
bind to calcium, and these sequences are
conserved amongst all inter-domain regions in
all classical cadherins, and not just the Type I
classical cadherins. Figure 9.4 shows a represen-
tative inter-domain region and its calcium-
binding sites.

The binding of calcium is reported to impart
structure and stability to the ectodomains (Prasad
and Pedigo 2005), in that the binding of three
calcium ions to each inter-domain region causes
‘rigidification’ of that section of the cadherin and
facilitates homophilic interactions by aligning the
five EC domains into a rigid ‘rod-like’ arrange-
ment. Monovalent cations, e.g. potassium and
sodium, can also bind to the cadherins. However,
such binding induces no conformational change
(or rigidification) in the ectodomains or in their
geometric dispositions towards each other. Elec-
tron microscopic studies have shown that treat-
ment of full-length (EC1-EC5) epithelial cadherin
[or fusion constructs comprising the first two
domains (EC1 and EC2) of E-cadherin] with
physiological concentrations of calcium induces
changes in structure, causing the arrangement of
the domains to become more rod-shaped. The
absence of calcium, in contrast, makes the struc-
ture more compact and flexible, as well as more
susceptible to proteolytic cleavage (Takeichi
1990). A higher vulnerability to proteases has
also been observed where mutation(s) exist in

Fig. 9.3 Backbone ribbon diagram representations
displaying the lack of structural similarity and superimpo-
sability for some of the ectodomains, e.g. EC1, EC2 and
EC5, of E-cadherin (E1, E2, E5) or N-cadherin (N2, N4).

The figures were generated using the software PYMOL
using PDB ID 3Q2V for mouse E-cadherin and PDB ID
3Q2W for mouse N-cadherin. Structure superimposition
was also done using PYMOL
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certain amino acid residues involved in calcium
binding, such as Asp-134 (Ozawa et al. 1990a, b).
Circular dichroism studies have shown that the
ectodomains undergo a secondary structural alter-
ation, from a randomly coiled conformation to a
conformation with greater β-sheet content, upon
calcium addition (Prasad and Pedigo 2005).
X-ray crystallographic studies reveal that a two-
fold symmetric dimer of the N-terminal EC
domains of E-cadherin forms in the calcium-
bound state, but not in the absence of calcium
(Nagar et al. 1996). Molecular dynamics
simulations suggest that there is a significant
change in the structural dynamics of an
EC1-EC2 fusion construct when solvent-exposed
calcium ions are removed from a calcium-bound
state (Cailliez and Lavery 2005). Thus, various
computational and biophysical studies have con-
firmed that the apo-cadherin (the unbound state)
shows significant conformational flexibility and
that calcium-bound cadherin ectodomains display
significant rigidity of conformation and restric-
tion of conformational flexibility involving inter-
domain regions. In terms of function(s), the
absence of calcium also appears to abolish the
adhesive function of the cadherins and makes
them more susceptible to proteases. The increased
rigidity of ectodomains upon calcium addition
also causes molecules to come into proximity
and exhibit interactions with each other to form
dimers, either between molecules on the same cell
(cis dimers) or between molecules on the surfaces
of cells which are juxtaposed to each other (trans

dimers). It could be conceived that binding of
calcium cooperatively makes the otherwise flexi-
ble (and flippy-floppy) string of extracellular
domains into a rodlike unit behaving as a single
entity and that the reduction in intra-chain
motions and the stabilization of a single confor-
mation facilitate weak intermolecular interactions
which would otherwise have been disfavoured by
the occurrence of strong chain motions.

The binding of calcium ions to the inter-
domain regions occurs with affinities which are
rather poor, in comparison with the affinities of
many other molecular systems, ranging from
micromolar to millimolar values of binding
constants (Shapiro et al. 1995; Nagar et al.
1996; Tamura et al. 1998; Boggon et al. 2002;
He et al. 2003; Prasad and Pedigo 2005; Abedin
and King 2008; Harrison et al. 2010). Such a
range of calcium-binding affinities suggests that
the cadherins might exhibit a dynamic response to
the changing calcium ion concentrations in the
extracellular milieu. Such a dynamic response
could potentially facilitate the transmission of
information about the junctional calcium status
into the interior of the cell via interactions of
cadherin cytoplasmic domains with the catenins
and the cytoskeletal network in the cytoplasm.
The binding of calcium ions to the inter-domain
regions in ectodomains not only facilitates the
rigidification and dimerization of these domains
but also appears to stabilize them conforma-
tionally. Numerous cellular and biophysical stud-
ies have been performed to elucidate the strength

Fig. 9.4 Linker regions separating any two cadherin
extracellular (EC) or ecto repeat domains are capable of
binding to three calcium ions (shown in red, with residues
involved in the binding shown in yellow). The detail

shown is specific to the linker separating the EC1 and
EC2 domains of E-cadherin). The figure was generated
using the software PYMOL using PDB ID 1EDH
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as well as the stability of cadherin dimerization.
For E-cadherins, thermal and chemical denatur-
ation studies employing CD spectroscopy
observed a shift in the structure-melting or
unfolding temperature of the protein upon the
addition of calcium (10 mM), from 40 �C (with-
out calcium) to 65 �C (with calcium). Thermal
studies involving differential scanning calorime-
try are also in agreement with these spectroscopic
experiments (Prasad and Pedigo 2005) suggestive
of a role for calcium in stabilizing some aspect of
cadherin conformation.

9.7 Cadherin-Cadherin Interactions
in the Cis and Trans Modes
Involving Ectodomains

The structures of the cadherin domains elucidated
through X-ray crystallographic studies reveal that
homophilic interactions between the cadherin
ectodomains involve the N-terminal domain,
EC1, i.e. the domain which is most distal to the
plasma membrane (Shapiro et al. 1995). When
cadherin ectodomains on the same cell’s surface
interact in a ‘side-by-side’ manner, they form cis
dimers. When cadherin ectodomains present on
juxtaposed or opposing cells interact, they form
trans dimers. Currently, it appears that the bind-
ing interface is formed by only the EC1 domains
of interacting partner cadherins, regardless of
whether the interaction happens to be a cis or
trans interaction. Various crystallographic studies
suggest that trans dimers are formed in two
conformations: strand-swapped dimers
(S-dimers) and X-shaped dimers (X-dimers)
(Shapiro et al. 1995; Boggon et al. 2002; Parisini
et al. 2007; Ciatto et al. 2010; Harrison et al.
2010; Vendome et al. 2011). The crystal
structures of N-cadherins show naturally formed
strand-swap dimers, which are formed during
crystallization (Shapiro et al. 1995).

S- and X-trans Dimers A trans interaction of the
S-dimer variety occurs through the exchange or
swapping of the β-strands located at the

N-terminus of the EC1 (Harrison et al. 2010),
between two interacting EC1 domains. Physi-
cally, the formation of such a strand-swapped
dimer takes place by the insertion of a tryptophan
residue present at the second position from the
beta-strand of one partner into the hydrophobic
pocket of its interacting partner, and vice versa.
All type I classical cadherins have one conserved
tryptophan, Trp2, at residue position 2 in the
chain, and this tryptophan anchors the exchanged
strands between the interacting EC1 domains,
whereas for type II cadherins, both Trp2 and
Trp4 participate in anchoring the exchanged
strands. In addition, in both type I and type II
cadherins, the remaining residues at the positively
charged N-terminus also participate in the forma-
tion of various intermolecular salt bridges that
further stabilize the strand-swapped dimers
which are initially formed by the insertion of the
tryptophan residue(s) into hydrophobic pocket
(s) in the interacting partner domain. Notably,
after the insertion of cadherins into membranes,
the proteolytic cleavage of the signal peptide and
‘pro-region’ is absolutely essential for such salt
bridge interactions to occur (Häussinger et al.
2004), suggesting that this removal could regulate
the timing and context of the function of the
cadherin and that cadherins remain in an essen-
tially non-functional state until this removal takes
place. Mutation of Trp2 in E-cadherin as well as
N-cadherin prevents cell aggregation through
cell-cell adhesion, suggesting that the strand-
swapping mechanism is essential for cell-cell
adhesion involving classical cadherins (Tamura
et al. 1998). It has been demonstrated that the
strand-swap dimerization is driven by the release
of some physical strain present in the anchored
N-terminal β-strands on cadherin monomers. The
ease of the release of the strain thus appears to
determine the binding affinity observed, where
measurements have been made. Further, it has
been observed that alteration in the length of the
strand, or mutation of anchoring amino acid
residues, can significantly change binding
affinities. Various studies have also proposed
that the binding specificity in type I cadherins is
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regulated by individual binding affinities and that
there is a conserved Pro5-Pro6 motif which
prohibits non-specific high-affinity interactions
(e.g. heterophilic interactions) by preventing the
formation of hydrogen bonds between the oppos-
ing β-strands. It is reported that mutations in the
Pro5-Pro6 motif (involving one or both prolines)
can result in the formation of not just high-affinity
homodimers but also various heterodimers that do
not otherwise form (Vendome et al. 2011).

As opposed to S-dimers, the classical cadherin
X-dimers are formed by surface interactions
between two monomeric cadherins along the
inter-domain region between the first two
ectodomains EC1-EC2 in a trans fashion that
resembles an ‘X’ shape (Harrison et al. 2010).
The crystal structure of two engineered
EC1-EC2 domains of human E-cadherin
containing some additional N-terminal amino
acid residues provides evidence of the formation
of X-dimers through the obstruction of the strand-
swapped mode of interaction (Nagar et al. 1996;
Pertz et al. 1999). Similarly, various biophysical
and structural studies have shown the presence of
X-dimers in P-cadherins and nonclassical
T-cadherin (Ciatto et al. 2010; Vendome et al.
2014). Nuclear magnetic resonance (NMR) stud-
ies along with some single-molecule fluorescence
resonance energy transfer (FRET) experiments
involving E-cadherins have confirmed that the
mutation of Trp2 to alanine leads to the formation
of X-dimers, through inhibition of the formation
of strand-swapped dimers (Sivasankar et al. 2009;
Li et al. 2013). Early studies proposed X-dimers
to be a transient intermediate in the formation of
S-dimers (Sivasankar et al. 2009), but recent bio-
physical studies suggest that the X-dimer and the
S-dimer conformations constantly alternate dur-
ing interactions of the ectodomains (Manibog
et al. 2016), transforming from one into the
other in a dynamic fashion. Nothing is yet
known about how calcium affects this equilib-
rium, i.e. whether the concentration of calcium
in the vicinity of the cadherin determines the
frequency of the interconversion or the lifetime
of either the X-dimers state or the S-dimer state.

Despite being involved in cell-cell adhesion,
classical cadherins have remarkably high dissoci-
ation constants in solution. The dissociation
constants (Kd) for the majority of the classical
cadherins are in the micromolar range which
indicates weak interactions. For instance, the Kd

for the full-length ectodomains EC1-EC5 of
C-cadherins interacting in homophilic fashion,
determined by analytical ultracentrifugation, is
64 μM (Chappuis-Flament et al. 2001). Similarly,
Kd values for the EC1-EC2 domain fusions of E-,
N-, R-, C- and P-cadherins, obtained from such
experiments, are only about 97 μM, 26 μM,
14 μM, 127 μM and 31 μM, respectively
(Vendome et al. 2014), i.e. they are all in the
micromolar range. In E-cadherins, the mutations
that exclude possibilities of strand-swapping
show an exceptionally larger Kd value (around
916 μM) suggesting that the monomers forming
X-dimers have indeed very weak affinity for each
other and that they are less favoured than
S-dimers (Harrison et al. 2010).

Through thermodynamic and simulation stud-
ies, binding free energies for S-dimers and
X-dimers have been calculated. These studies
revealed that the S-dimers are more stable and
have larger interacting surfaces than X-dimers. It
has been proposed that the staggered interface in
X-dimers could just be a crystal contact rather
than an actual interacting (functional) surface.
Since cadherin-cadherin interactions are quite
weak (Koch et al. 1997) and are characterized
by a small but concentrated interface, it would
not be prudent to neglect the evidence of a stag-
gered interface obtained from the crystal structure
studies. Through analysis of dimeric interfaces, it
has been stated that the specificity of interaction
in the S-dimers must depend on subtle thermody-
namic or kinetic factors. The strand-swapped
interface is identical for E- and C-cadherins but
varies a little from that in the N-cadherins
(Cailliez and Lavery 2006).

Cis Interactions In addition to the strong trans
interactions, weak cis (lateral) interactions occur-
ring in the other regions of EC1 and some regions
of the EC2 domain are also reported. It is not yet
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known whether the remaining domains, i.e. EC3,
EC4 and EC5, play a role in cis interactions. The
cis dimeric interface, proposed from the crystal
structure of C-cadherin, is conserved in terms of
residue content and geometry in E-cadherin as
well as in N-cadherin (Boggon, Murray et al.
2002). The cis dimer interface possesses an asym-
metric junction between the EC1 ectodomain of
one cadherin monomer and the EC2 ectodomain
of its interacting partner; mutation of the interfa-
cial residues involved abolishes the cis dimer
assembly. Various biophysical techniques have
suggested that cis dimerization interactions are
either weak or transient (Häussinger et al. 2004;
Harrison et al. 2011).

Monte Carlo simulations suggest that trans
dimerization could be a prerequisite for cis dimer-
ization because trans interactions lower the entro-
pic penalty associated with cis dimer formation
by reducing the conformational flexibility of the
interacting cadherin domains (Wu et al. 2010,
2011). Recent studies have shown that both cells
expressing E-cadherins, as well as liposomes
coated with E-cadherins, tend to form ordered
arrangements of 2D cadherin lattices at intercel-
lular or inter-liposome junctions; however,
mutants which abolish cis interactions fail to
form such arrangements. This suggests that cis
interactions must not only occur to facilitate the
formation of ordered cadherin lattices but also
that they could play a crucial role in forming
cadherin clusters on membranes which stabilize
cell-cell adhesions (Harrison et al. 2011).

It is believed that slow mechanisms such as
exocytosis and endocytosis, as well as rapid
mechanisms such as the lateral diffusion of
cadherins to form cadherin clusters, could facili-
tate increased avidity of interactions between cel-
lular surfaces which could potentially compensate
for the poor affinity of cadherin-cadherin
interactions and create the required total strength
of collective cadherin-cadherin interactions to
facilitate substantive cell-cell interactions (Iino
et al. 2001; de Beco et al. 2009; Zhang et al.
2009). If this is the case, cis interactions must
also be of consequence.

However, there are some conflicting studies
which challenge the role of cis dimers in the
formation of cadherin clusters. A recent study of
E-cadherins embedded in liposomal bilayers
suggests that cadherin clusters could be stabilized
by intracellular linkage to the F-actin cytoskele-
ton, and not really by the formation of cis dimers.
Further, there is no consensus yet about whether
prior trans dimerization is required to facilitate cis
interactions or whether the opposite is true,
i.e. whether prior cis dimerization is required to
occur to facilitate trans dimerization. Indeed, the
two could be interdependent and operate through
cooperative feedback mechanisms. Various
computational and super-resolution microscopic
studies have shown that glycosylation of
ectodomains could also facilitate cis dimerization,
indicating that the importance of trans dimeriza-
tion prior to the formation of cis dimers might
apply mainly to cadherins produced without any
glycosylation (e.g. in bacterial cells for in vitro
studies), whereas glycosylation could facilitate
cis interactions in vivo. Towards the end of this
review, a summary figure regarding possible cis
and trans modes of interactions of cadherin
ectodomains is included; this figure incorporates
both currently known and hypothesized modes of
interactions and also certain new hypotheses
regarding such interactions.

9.8 Cadherin-Cytoskeleton
Interactions Involving
the Cytoplasmic Domain

The classical cadherins possess a cytoplasmic
domain which is involved in direct binding to
p120-catenin and β-catenin and indirect binding
to α-catenin, a member of the vinculin superfam-
ily (Shapiro and Weis 2009). The p120 catenin
binds with the juxtamembrane domain (JMD) of
the cadherin. It imparts stability to this domain by
inhibiting internalization and degradation of the
domain (Davis et al. 2003; Xiao et al. 2003).
Cadherins are linked with the actin cytoskeleton
via salt bridge-based interactions of α-catenin
with cadherin-bound β-catenin, on the one side,
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and F-actin on the other (Gates and Peifer 2005;
Kwiatkowski et al. 2010). This suggests that
α-catenin could bridge cadherin-bound β-catenin
to actin. However, there is no substantial evi-
dence to back up this possibility, and there have
been challenges of the mechanism suggesting
simultaneous binding of α-catenin to β-catenin
and F-actin (Drees et al. 2005; Yamada et al.
2005). Nonetheless, various studies corroborate
the proposition that α-catenin linkage is essential
for adhesion and junction assembly, without spe-
cific reference to any mechanistic details regard-
ing this contention (Pokutta and Weis 2007;
Hartsock and Nelson 2008; Kwiatkowski et al.
2010; Yonemura et al. 2010; Taguchi et al. 2011;
Yonemura 2011).

The central region of the β-catenin, containing
armadillo repeats (each repeat consisting of
40 amino acid residues), binds to the cytoplasmic
domain of the cadherin (Hülsken et al. 1994;
Funayama et al. 1995). β-catenin just acts as a
linker, or intermediary, between α-catenin and the
cytoplasmic domain of the E- or N-cadherin.
According to a study involving an engineered
cadherin construct in which the cytoplasmic
domain of the cadherin is replaced by α-catenin,
there is an alteration in cell adhesion (compared
to the cell adhesion mediated by the whole protein
complex) even in the absence of β-catenin
(Nagafuchi et al. 1994). It is noteworthy that
cadherin expression levels regulate catenin
expression post-translationally. Surprisingly,
when c-DNAs encoding E-, N-, or P-cadherins
were transfected to L-cells, catenin expression
levels increased significantly, without affecting
the mRNA content (Nagafuchi et al. 1991).

A molecule known as γ-catenin, or
plakoglobin, is associated with the desmosomal
cadherins (Korman et al. 1989; Witcher et al.
1996). This shares significant structural and func-
tional similarity with β-catenin and armadillo and
can, therefore, replace β-catenin in the cadherin-
catenin complex (Hülsken et al. 1994); however,
γ-catenin associates to form weak complexes that
dissociate more readily than β-catenin-cadherin
complexes (Haegel et al. 1995). The deletion of
the γ-catenin gene is lethal to heart structure for-
mation and results in early death of the embryos,

ostensibly due to the disruption of the strong
association of γ-catenin with desmosomal
cadherins (Bierkamp et al. 1996). The cytoplas-
mic domain of the classical cadherins is also
known to interact with other proteins like tyrosine
phosphatases (Brady-Kalnay et al. 1995; Kypta
et al. 1996).

Numerous experiments have elucidated the
functional significance of the cytoplasmic
domain. It has been reported that the deletion or
overexpression of the catenin-binding site or the
complete cytoplasmic domain abolishes cell-cell
adhesion mediated by the cadherins (Ozawa et al.
1990a, b; Nagafuchi et al. 1994). On the other
hand, some mutation-based studies have also
demonstrated that the presence of the cytoplasmic
domain is not essential for cadherin-mediated
cell-cell adhesion. In these studies, the cytoplas-
mic domain is substituted for desmoglein-3, one
of the desmosomal cadherins that cannot bind to
the catenins. The mutations did not affect the
cadherin-mediated cell adhesion in cultured cells
indicating that catenin association is not the sole
mechanism that regulates cell adhesion (Roh and
Stanley 1995). In principle, this assertion is not
unreasonable. Since many in vitro experiments
demonstrate that the EC1 domains of the
cadherins are fully capable of engaging in cis
and trans interactions by themselves, without
the presence of the remaining EC domains and
even without the presence of the membrane and
cytoplasmic domains, it is conceivable that
cadherins lacking the cytoplasmic domain can
mediate cell-cell adhesion; of course, signalling
into the cell would be expected to be significantly
affected.

9.9 Adherence-Related Functions
of E- and N-Cadherins
in Organismal Development
and Disease

Cell Sorting and Segregation It is natural to
assume that differences in cadherin-cadherin
binding affinities and specificities must be some-
how used by organisms to facilitate the sorting
and segregation of cells expressing these
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cadherins differentially, into different tissues.
Given their extreme structural and conforma-
tional similarities, it would be interesting to
understand the differences between them which
regulate the highly specific homophilic pairing,
heterophilic pairing and cell patterning behaviour
seen in organisms. We know that cells expressing
different cadherins can either be sorted
homotypically (forming separate aggregates
based on the type of cadherin expressed on these
cells) or heterotypically (forming intermixed
aggregates of different types of cadherin-
expressing cells). However, due to our poor
understanding of the relationship between cellular
binding specificity and free energies of intermo-
lecular binding for different types of cadherins
and cadherin pairs, good models (including
molecular models) are not yet available for
cadherin-mediated cellular patterning, despite
our knowledge of the structures of the domains
of some of these cadherins and some structural
details of their interactions.

Even so, some recent studies have shown that E-
and N-cadherin bearing cells first form distinct
homotypic cell aggregates and then interact
heterotypically through the interfaces between
the two distinct cell aggregates. Studies using
analytical ultracentrifugation and surface
plasmon resonance have determined the
homophilic and heterophilic affinities, respec-
tively, for both full-length E-cadherins and
N-cadherins (Katsamba et al. 2009). The free
energies for N- and E-cadherins turn out to be
comparable, at 6.5 kcal/mol for N-cadherin and
5.3 kcal/mol for E-cadherin. The Kd values from
ultracentrifugation studies determined for N- and
E-cadherins were 22.6 μM and 160 μM, respec-
tively, i.e. the homo-dimerization affinity for
N-cadherins was found to be approximately ten-
fold greater than that for E-cadherins. Similarly,
surface plasmon resonance experiments have
provided the Kd for the heterophilic affinity
between E- and N-cadherins, and this has been
found to be intermediate to that applying to the
two homophilic dimerization affinities. Many
reports are suggestive of significant heterophilic

interactions between E- and N-cadherins (Volk
et al. 1987; Niessen and Gumbiner 2002). It
may be argued that the small differences in affin-
ity of homophilic and heterophilic interactions can
be compensated for (or competed out) with high
avidities and that this can play a significant role in
determining cell adhesion behaviour and apparent
specificity of interaction. Within a population of
cells, subpopulations required to engage in differ-
ential interactions with other cells can express
different numbers of different cadherins, on dif-
ferent facets of the cell’s surface, and this detail
can get smeared out in studies assuming that all
cells of a particular type express the same num-
bers of the same types of cadherins. Thus, we may
believe that based on the dimerization affinities
and availabilities of E- and N-cadherins in requi-
site numbers, the equilibrium between homotypic
and heterotypic interactions would be established
according to the requirements of cells (and their
genetic programming) and would not only facili-
tate cell sorting, segregation and formation of
separate tissue layers but also allow the adhesion
of these layers onto one another.

The cadherin superfamily plays a fundamental
role in tissue morphogenesis, development and
homeostasis, simply because cadherins are crucial
for maintaining cellular contacts that can either
directly participate in signalling or facilitate sig-
nalling involving other molecular interactions
which are facilitated by cell-cell contacts. For
example, reduced expression levels of epithelial
cadherin (E-cadherin) are associated with
enhanced invasion and metastasis in many
tumours. Through their stable cell-cell adhesive
interactions, cadherins mediate ‘contact expan-
sion’ by reducing the ‘interfacial tension’ at the
junctional interfaces of cells. Another way in
which cadherins help to release interfacial tension
or cortex tension is via the signal transmission to
the actomyosin cytoskeleton through interactions
with catenins. Cadherins also resist mechanical
forces that attempt to disrupt cell-cell contacts.
Also, cadherins are reported to be involved in
the signal transduction processes that regulate
cell fate (Stephenson et al. 2010; Lorthongpanich
et al. 2012; Sarpal et al. 2012), cell polarity
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(Wang et al. 2010; Bosveld et al. 2012) and cell
proliferation (Nelson and Chen 2003; Kim et al.
2011; Schlegelmilch et al. 2011). One of the
intriguing adhesive variants of the E-cadherin,
known as uvomorulin, has the ability to adhere
cells to each other during early stages of embryo-
genesis involving the morula. Since the loss in
expression levels and functions of E-cadherins is
correlated with tumour metastasis and their
re-expression is associated with the decrease in
proliferative and invasive capacity, they are pro-
posed to function as tumour suppressors and
metastasis suppressors.

Interactions with Growth Factors The
N-cadherins have been reported to exhibit
heterophilic interactions with a wide variety of
proteins, including some growth factor receptors
and some cell matrix proteins. One such protein is
the fibroblast growth factor receptor (FGFR). The
regulatory mechanism for the interactions
between FGFR and N-cadherin is not known.
However, these interactions can potentiate signal-
ling in cancer cells either by the aid of endoge-
nous FGFs, stabilizing the cell surface receptors,
or by forming a higher-order complex which does
not require FGF for downstream signalling
(Nakamura et al. 2001; Nourse et al. 2007).
Recent studies have also proposed a direct
crosstalk between E-cadherin and EGF receptors
(EGFR). EGFR is known to disrupt cell
adhesions by destabilizing cadherin-catenin
interactions, downregulating cadherin expression
and exocytosis. The engagement of E-cadherin in
newly formed cell-cell contacts appears to stimu-
late the rapid activation of EGFR in an
EGF-independent manner. Notably, EGFR-
initiated signalling pathways enhance cell prolif-
eration and cell survival through MAP kinase,
PI3-kinase and Rho GTPases. Future studies on
the understanding of the molecular mechanisms
underlying the interactions between EGFR and
E-cadherin in normal and tumour epithelial cells
can provide new insights into the development of
suitable therapeutics for cancer treatment (Gavard
and Gutkind 2008).

Interactions with Matrix Proteins It has
been reported that dimeric E-cadherin interacts
in a heterophilic manner with the cell matrix
protein, integrin αEβ7, in a calcium-dependent
manner (Corps et al. 2001). Since integrin αEβ7
has only one ligand, i.e. E-cadherin, high speci-
ficity of binding is ensured. This restricts
autoreactive mucosal (cytotoxic) T cells in their
specific locations. Both the integrin subunits, αE
and β7, participate in the interaction with
E-cadherins. In addition, the integrin α2β1 also
shows interactions with both E- and N-cadherins
but in somewhat different modes of interactions.
In adhesion networks involving N-cadherins, the
integrin α2β1 interacts with type I collagen and is
involved in melanoma cell invasion and metasta-
sis. Independently, E-cadherin/α2β1 integrin
adhesion networks are also thought to regulate
cell-cell adhesion in a type I collagen-
independent manner (Siret et al. 2015).

Interactions with Other Cadherins
and Receptors Various in vitro studies and
site-directed mutagenesis-based studies have
thrown up evidence of heterotypic interactions
between N-cadherin and R (retinal)-cadherin.
These studies support the S-dimer model for cis-
heterodimerization of N- and R-cadherin
molecules on the surfaces of the same cells.
In vitro studies have demonstrated that the two
cadherins are co-expressed in neurons and show
co-localization at certain neural synapses, imply-
ing significance in cell adhesion in the neural
retina (Shan et al. 2000).

Some biochemical studies have shown that
N-cadherin interacts with the N-terminal domain
of the glutamate receptor, GluR2, in both cis and
trans fashions. In hippocampal neurons,
N-cadherin and GluR2 form a synaptic complex
that stimulates presynaptic development and
function and also promotes dendritic spine forma-
tion (Saglietti et al. 2007). N-cadherin is also
known to show robust interactions with another
cadherin known as protocadherin-19 (Pcdh19).
Bead aggregation studies examining the
interactions of beads bearing proteins have
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revealed that the heterophilic Pcdh19–N-cadherin
complex forms along with homophilic
complexes, suggesting the usefulness of this
interaction as a switch, converting between dis-
tinct binding specificities (Emond et al. 2011).

An atypical E3 ubiquitin ligase, Fbxo45, which
facilitates ubiquitin-mediated degradation of
proteins, has also been identified as an interacting
partner for N-cadherin. The binding interface for
this interaction overlaps with the calcium-binding
motifs as well as with the dimerization interface,
such that these interactions are disrupted by the
addition of calcium, implying an ‘either-or’mech-
anism of switching of interactions. N-cadherin
proteolysis is also substantially enhanced by
RNAi-mediated Fbxo45 gene silencing, leading
to the impairment of neuronal differentiation and
reduced expression of N-cadherins. Surprisingly,
Fbxo45 prevents the calcium depletion-induced
proteolysis of N-cadherin and R-cadherin and
promotes neuronal differentiation by directly
interacting with either N- or R-cadherins (Chung
et al. 2014). The wide gamut of interactions of
N-cadherin with different proteins suggests that it
plays important regulatory and switch-like roles,
sensing different situations and responding like a
node in a protein interaction network.

Cadherin Gene Organization and Regulation
of Expression During Development There are
around 114 different types of cadherins encoded
by the human genome. Not all of this diversity
arises from the presence of a comparable number
of genes; rather the diversity owes significantly to
alternative RNA splicing mechanisms responsi-
ble for producing multiple splice variants from a
smaller group of genes. The encoded classical
cadherins include E-cadherins, N-cadherins,
P-cadherins and cadherin 12 (Type2 cadherin).
Several genes encoding classical cadherins have
been identified and sequenced.

The gene cdh1 encodes E-cadherin (CDH1). It
is localized in the 16q22.1 region of chromosome
16. This gene has 14 splice variants. One of these
encodes a preproprotein which is proteolytically

processed to yield the mature glycoprotein. The
transcription of the CDH1 gene is directly
regulated by methylation of CpG islands present
within the gene’s promoter. Methylation of these
CpG sites by DNA methyltransferase enzymes
leads to the downregulation of the CDH1
encoding gene. Also several transcription factors
such as Snail, Slug, E12/E47, ZEB-1 and SIP-1
are known to regulate E-cadherin expression
through interactions with the enhancer boxes
present upstream of the gene (Bolós et al. 2003).
A substantial part of the cdh1 gene consists of
introns, the largest amongst which is the second
intron. This aberrantly large intron is known to
contain cis regulatory elements that regulate
E-cadherin expression during development
(Stemmler et al. 2005). The expression of
E-cadherins begins very early during embryonic
development, probably at the 1-cell stage, i.e. the
zygote (Ogou et al. 1982). The differentiation and
polarization of epithelia occur early, during the
morula stage, in ontogenic terms, when there is a
compaction of the embryo and each cell
undergoes polarization along its apicobasal axis,
generating an ‘epithelial-like’ phenotype.
E-cadherins are thought to assume a critical part
in the compaction of the morula, since function-
ally interfering antibodies against the E-cadherins
have been shown to decompact the morula
(Riethmacher et al. 1995). However, the source
of E-cadherins at this stage is very likely to be
maternally encoded (i.e. using proteins encoded
from maternal mRNA), as embryos that are
homozygous for an E-cadherin mutation develop
normally up to the morula stage and have been
shown to compact properly despite the mutations
being present in the germline. In any case, most
zygotic genes do not express this early during
development, and cellular characteristics are
essentially maternally encoded. The mutant mor-
ula cells become initially polarized, based on their
maternally inherited cadherins, but very soon the
embryo appears to become severely distorted,
owing ostensibly to the mutation in the
zygotically encoded version of the E-cadherin
protein once this begins to be produced. This
establishes that E-cadherin expression plays a
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very important role in maintaining cell polarity
during the early stages of development.

At the stage of implantation, all embryonic
cells express E-cadherin. The molecule, however,
disappears from some cell layers as the differenti-
ation of cell occurs, into various cell types. The
best known example is the epithelial to mesen-
chymal transition (or EMT) which occurs during
the formation of the mesoderm. The cells of the
mesoderm migrate into the space between the
ectoderm and the endoderm and lose E-cadherin
during migration. During invagination of the neu-
ral plate, this region also loses E-cadherin. Other
regions of the ectoderm continue to express
E-cadherin, as do all endodermal cells. In older
embryos, all ectoderm-derived cells express
E-cadherin, barring certain terminally
differentiated, non-proliferating epithelial cells
such as lens fibre cells and keratinized epidermal
cells, which lose E-cadherin from the membrane.
Mutations in the cdh1 gene leads to various
diseases in humans which include cancers of the
breast, colo-rectum, ovaries and many more due
to increased proliferation, or occurrence of
metastasis.

The N-cadherins are encoded by the cdh2 gene
in humans which maps to the 18q21.1 region of
the chromosome 18. N-cadherins are known for
their role in neural and mesodermal development.
N-cadherins first appear in some ectodermal cells
at the time of gastrulation. These are the most
abundant type of cadherins in the neural tube at
the early stages of development; however, during
the process of differentiation of the central ner-
vous system, they become regionally localized
followed by the complete loss of N-cadherins
from the neural retina and some layers of the
cerebellum. Also the early neural tube expresses
N-cadherin, in the dorsal-most region where neu-
ral crest cells are generated. However, the expres-
sion of this cadherin is downregulated in neural
crest cells migrating from the neural tube; they
instead begin to express cadherin-7 (Nakagawa
and Takeichi 1998). When dorsoventral migra-
tion is concluded, N-cadherin tends to be
upregulated in neural crest cells just before their
their differentiation into the dorsal root ganglia
(DRG) and sympathetic ganglia. After

dorsolateral migration, dermal melanocytes
express N-cadherin, facilitating contacts with
fibroblasts in the skin dermis. Following the for-
mation of the ganglion, N-cadherin appears at
various places: on the apical surface of the neural
tube, at the basolateral surface of the floorplate,
upon the neuronal cells which are localized ven-
trally or laterally within the neural tube, upon
fibrous axonal processes and in the ventral root
and sympathetic ganglia.

When organisms turn into adults, N-cadherin
is observed in neural tissue, endothelial cells,
fibroblasts, the retina, as well as myocytes and
osteoblasts (Taneyhill 2008). N-cadherin is also
asymmetrically expressed in the chicken embryo;
its activity is required during gastrulation to
establish the left-right axis. Blocking the function
of N-cadherin alters the expression of transcrip-
tion factors, Snail and Pitx2, both downstream
components of the cascade of factors regulating
establishment of left-right asymmetry (García-
Castro et al. 2000). N-cadherin mutations in the
heart lead to the disassembly of the intercalated
disc structure in the adult myocardium (Kostetskii
et al. 2005). Mutations in the cdh2 gene are also
associated with the arrhythmogenic right ventric-
ular cardiomyopathy (ARVC) which has been
identified as the cause for sudden cardiac arrest
in young people (Mayosi et al. 2017).

Cadherins and Their Connection to the Epithelial
to Mesenchymal Transition (EMT) EMT is a
core process in embryonic development, cancer
progression and fibrosis (Kalluri and Weinberg
2009). By definition, EMT is the process of con-
version of the epithelial cell type into the mesen-
chymal type under the influence of epigenetic
mechanisms. The plasticity of epithelial cells
entering the transition is highlighted by loss of
ZO-1 and E-cadherin expression and
upregulation of the proteins, fibroblast-specific
protein 1 (FSP-1) and vimentin (Zeisberg and
Kalluri 2004; Liu 2010). Such ‘transitional’ cells
interact less with the extracellular matrix at its
basal surface and gain the ability to invade
it. Through this plasticity-marking trait, highly
proliferative epithelial cells tend to develop the
mesodermal tissue by undergoing the transition
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(Tsai and Yang 2013). EMT thus appears to be an
energy-conserving and resource-scavenging
mechanism designed to quickly deliver
myofibroblast- or fibroblast-type cells urgently
required by an organism during a response to an
injury and in organ development. However, this
fluidity of state is also associated with pathophys-
iological evils like fibrosis and tumour formation,
and cells undergoing EMT can enter into these
states instead of undergoing transdifferentiation
(Kalluri 2009).

The transdifferentiation process in EMT starts
with the cell-cell contacts at tight, adherence and
gap junction followed by a loss of cell polarity.
E-cadherin along with other signatures of epithe-
lial phenotype disappears from the cell surface
during this transition through repression of
expression of E-cadherin at the transcriptional,
translational and post-translational levels. A vari-
ety of injury-causing factors and growth factors,
including transforming growth factor-β, basic
fibroblast growth factor (BFGF) and hepatocyte
growth factor, are known to induce this process
(Chen et al. 2005; Farrell et al. 2014). N-cadherin
is produced in some carcinomas that have lost or
downregulated E-cadherin. Unlike E-cadherin,
N-cadherin exhibits weaker adhesive interactions.
Thus there is a correlation between the switch
from E- to N-cadherin and invasive cellular
behaviour. The switch from E- to N-cadherin
and the associated higher degree of invasiveness
are linked to higher tumorigenicity of E-cadherin-
negative cell lines and also to the poorer progno-
sis of E-cadherin-lacking tumours. Similarly,
reversal of EMT by constitutive E-cadherin
expression is shown to inhibit neoplasticity and
invasiveness in tumours. Usually, differentiated
tumours show E-cadherin expression, and levels
of expression are inversely related to the grade of
cancer in solid-organ malignancy (Lombaerts
et al. 2006; Wheelock et al. 2008). Many signal-
ling pathways converge to cause EMT via inhibi-
tion of E-cadherin expression, and these include
Wnt, TGF-β and Notch/delta signalling (Son and
Moon 2010; Tsai and Yang 2013). In the mam-
mary gland’s epithelial cells, integrin-linked

kinase activity stimulates Wnt signalling through
the Snail and Slug transcription factors,
repressing E-cadherin and further enhancing
tumorigenicity (Tsai and Yang 2013). Further-
more, hypoxia-inducing factor also directs the
expression of Snail and Slug, and TGF-β (which
is responsible for extracellular matrix
remodelling) induces Snail leading to repression
and loss of E-cadherin (Wang et al. 2013). Col-
lectively, all inducers of EMT converge to cause
multiple and pleiotropic effects, and the loss of
E-cadherin is the most common effect. Below, we
focus some more on cadherins and neoplasia/
cancers (Thiery et al. 2009).

Cadherins and Their Connection
to Cancers Dysfunction of classical cadherins
has been suggested to be a hallmark in the origin
and progression of neoplastic diseases
(Kawanishi et al. 1995). E-cadherin, being a
prime marker (and potentially also a prime main-
tainer) of the epithelial phenotype, has received
significant attention in cancer literature (Thiery
2002). There are clinical correlations between
aberrant E-cadherin expression and tumour prog-
nosis. There are also observations of E-cadherin
dysfunction in tumour progression in in vitro and
in vivo models. These combinedly suggest an
important role for E-cadherin (Vleminckx et al.
1991; Kowalski et al. 2003). Overall, dysfunction
or reduced E-cadherin function has been reported
in carcinoma of the breast, nasopharyngeal cav-
ity, pancreas, lung, stomach, GI cavity, kidney
and prostate. Considering the source or origin,
mechanisms of E-cadherin dysfunction or
dysregulation can be genetic, epigenetic, tran-
scriptional and translational or post-translational,
i.e. mechanisms of E-cadherin’s loss of function
can include proteolytic cleavage of ectodomains,
proteasomal degradation of E-cadherin upon
endocytosis, miRNA-induced downregulation,
transcriptional repression involving gene
hypermethylation or expression of repressors
through signalling, germline and somatic
mutations, aberrant TGF-signalling and/or loss
of heterozygosity. These mechanisms were
observed and reported in a variety of cancers,
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suggestive of a multilevel association of loss of
E-cadherin function with the origin and propaga-
tion of neoplasms (Berx and van Roy 2009).
Cadherin switching is another recently discussed
mechanism associated with the E-cadherin null
phenotype of most cancers (Wheelock et al.
2008). Below, we focus on genetic and epigenetic
associations, transcription factor involvement and
other processes.

Genetic Modifications Loss of heterozygosity
(LOH) at the chromosomal level and loss of func-
tion (LOF) through mutations at the protein level
are two ways in which the expression of
E-cadherin is downregulated genetically. LOH is
a common genetic aberration found in cancers in
which the functional tumour suppressor gene is
absent due to cross chromosomal events. The loss
of heterozygosity of chromosome 16q21-22,
where the E-cadherin gene is located, has been
demonstrated in a variety of tumours including
carcinoma of the breast, gastric, prostate and
oesophageal cancer (Wijnhoven et al. 1999;
Cleton-Jansen 2002; Corso et al. 2013). Simi-
larly, progressive accumulation of somatic
mutations in E-cadherin can lead to the process
of carcinogenesis. Loss-of-function mutations in
E-cadherin genes are known in diffusive gastric
cancer, but these are rare events; these include
in-frame deletion, truncation and splice-site-type
mutations (Carneiro et al. 2008). Although rare in
nature, E-cadherin mutations are known to cause
familial aggregation of the diffusive form of gas-
tric cancer. Most of these cause the occurrence of
a stop codon resulting in premature cessation of
expression. Polypeptide truncating germline
mutations are also known to occur along the
entire length of E-cadherin and can be associated
with lobular breast carcinoma (Masciari et al.
2007). Whether the loss of E-cadherin is merely
an effect is a moot point, since clearly the loss of
the protein increases invasiveness, indicating that
it can be a cause. There might also be other cause-
effect relationships. It would be interesting to see
whether the loss of E-cadherin can be a sole
triggering event of a causal nature, in cancer. Of
course, in cells that have lost E-cadherin, there are

so many other changes, including EMT-type
changes that it is difficult to establish which con-
stitute ‘cause’ and which constitute ‘effect’.

Epigenetic Modifications Many types of epige-
netic modifications regulate gene expression,
including methylation, acetylation, sumoylation,
phosphorylation and ubiquitylation. Of course,
methylation is the easiest to study with the
existing technology and, therefore, the best
known and most explored (Weinhold 2006).
Hypermethylation of the E-cadherin 50 proximal
promoter has been found to result in reduced
E-cadherin expression. Methylation-induced
downregulation of E-cadherin is seen in many
types of carcinoma, with a clear negative correla-
tion between the levels of methylation and
E-cadherin expression (Yoshiura et al. 1995).
Hypermethylation leads to methyl-CpG binding
proteins, MeCP2, and MBP2, interacting with the
E-cadherin promoter, resulting in histone
deacetylase (HDAC) recruitment, leading to the
compaction of chromatin and suppression of tran-
scription of the E-cadherin gene (Bhatt et al.
2013).

Other than hypermethylation, expression of
the E-cadherin gene is regulated by Snail, Slug
(Snail2), Twist, ZEB1 and ZEB2 which repress
E-cadherin expression. Snail binds to E-box
elements and recruits HDACs, triggering the cas-
cade leading to chromatin compaction. Elevated
Snail expression is common in invasive ductal
carcinoma of the breast, and its higher expression
is correlated with high-grade and lymph node-
metastasized mammary tumours (Blanco et al.
2002). Similarly, Twist (a member of the basic
helix-loop-helix family) recruits histone-lysine
N-methyltransferase to the E-cadherin promoter
to repress E-cadherin expression while inducing
N-cadherin expression, giving rise to poor prog-
nosis in cancer (Lamouille et al. 2014).

Other Mechanisms of Cadherin Downregula-
tion Endocytosis-based uptake, shedding of
ectodomains through extracellular cleavage of
E-cadherin and intracellular cleavage of the linker
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region between the transmembrane section and
the cytoplasmic domain, all singly or in combina-
tion, correlate with malignancy. Physiological
recycling of E-cadherin involves endocytic
pathways mediated by clathrin, caveolae and
micropinocytosis, through which E-cadherin is
recycled to new sites in cell-cell junctions. Endo-
cytosis and recycling of E-cadherin are signifi-
cantly increased in cells devoid of stable cell-cell
contacts due to either low confluency or depletion
of extracellular Ca2+ by a chelating agent
(Le et al. 1999). Additionally, abnormal phos-
phorylation of a tyrosine residue in the cytoplas-
mic domain, induced by over-activation of proto-
oncogenes like EGFR, Met and Src, results in
internalization and ubiquitin-mediated
proteasomal degradation of E-cadherin. Addition-
ally, in the cytoplasmic domain of E-cadherin,
where β-catenin binds, there are a number of
serine and threonine residues which become puta-
tive sites for phosphorylation by a diversity of
kinases. Phosphorylation of these sites in
E-cadherin may alter its binding to β-catenin.
On the other hand, phosphorylation of β-catenin
by Src kinase results in disassembly of the
cadherin-catenin complex, leading to loss of
cell-cell adhesion and migration of β-catenin
into the nucleus. Similarly, growth factors like
epidermal growth factor and scatter factor can
also lead to similar effects (Roura et al. 1999;
McEwen et al. 2014). Another catenin, known
as P120 catenin, is also known to regulate the
expression of E-cadherin, presumably through
feedback and sensing mechanisms, by ensuring
the stability of the protein. Loss of P120 catenin is
seen in a variety of cancers.

The regulation of what happens to the
ectodomains also decides the fate of adhesion
junctions between cells in cancers (Strumane
et al. 2006). The proteolytic degradation of
E-cadherin by zinc-dependent matrix metallopro-
teinases is known. Increased expression of these
proteases correlates with the progression of can-
cer and inflammatory diseases. The ectodomain
of E-cadherin near the plasma membrane is
cleaved by these metalloproteinases, causing
free E-cadherin fragments to be found circulating

in the serum of patients with neoplastic diseases.
Fascinatingly, soluble fragments of E-cadherin
are also found to stimulate the migration of cells
grown in collagen matrix under in vitro
conditions (Nawrocki-Raby et al. 2003). Serine
proteases like kallikrein 6 and 7 have also been
found to be overexpressed in pancreatic and squa-
mous cell carcinoma. Kallikrein 6 is known to
modulate the protease activity of other
proteinases like disintegrin which leads to the
shedding of the extracellular domain of
E-cadherin, resulting in metastasis of tumour
cells (Johnson et al. 2007; Klucky et al. 2007).

9.10 Cadherin Trafficking,
Association with Membrane
Rafts and Non-association
with Organelles

Trafficking of Cadherins Changes in cellular
morphology and interactions and rearrangements
accompanying physiological changes require
changes in cadherin composition and constitution
(Kowalczyk and Nanes 2012). Endocytosis, deg-
radation and recycling of cadherins do occur, with
proteins constantly being removed from the
plasma membrane through endocytosis and
recycled back into the membrane through exocy-
tosis. E-cadherin is known to be internalized
through clathrin-mediated endocytosis (Le et al.
1999), as well as through growth factor-induced
pathways utilizing non-clathrin-mediated endo-
cytosis like Rac1-dependent micropinocytosis
(Watanabe et al. 2009). Once E-cadherin is
internalized, it enters a Rab5 + ve compartment
meant for sorting transmembrane proteins (Zerial
and McBride 2001). Vesicles bud off from these
compartments, mediated by the GTPase dynamin
(Doherty and McMahon 2009). These can either
be recycled back to the plasma membrane or
marked for lysosomal degradation in a polarized
manner (Woichansky et al. 2016). The amount
and location of cadherin already present on the
cell surface appear to determine whether a
cadherin gets degraded after endocytosis or
recycled back to the cell surface. The molecular
mechanisms governing the recycling of cadherins
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have not been fully explored, and whatever is
known is largely about E-cadherin, with virtually
nothing being known about N-cadherin recycling.
Several studies suggest that p120 catenin inhibits
endocytosis. Several amino acid motifs have been
identified as being responsible for cadherin inter-
nalization. In certain cases, adaptor proteins
mediating endocytosis have been identified
(Cadwell et al. 2016). Processes requiring cell
migration are dominated by endocytic trafficking,
and so trafficking affects healing of wounds after
injury, tumour metastasis and angiogenesis, as
already mentioned in the section dealing with
neoplasia/cancer. This is supported by the finding
that endothelial cell migration is inhibited by
mutations in DEE endocytic motifs in the mole-
cule, VE-cadherin. Thus identification of all such
motifs would be of use in revealing how
endocytic signals contribute to adhesion, migra-
tion and cell patterning in tissues.

Association of Cadherins with Rafts Lipid
rafts are an integral part of the plasma membrane
which exist as liquid-ordered regions. Rafts are
small in size and are abundant in cholesterol and
glycosphingolipids. Despite having somewhat
distinct protein and lipid compositions, rafts are
not identical in terms of composition of their
constituents in all cells and all situations. Various
proteins, especially those involved in cell signal-
ling, have been shown to be present in rafts (Pike
2003). N-cadherin present at cell junctions is
colocalized with lipid rafts, and disruption of
lipid rafts results in the inhibition of cell-cell
adhesion, without any modification of the inter-
action of N-cadherin and catenins to its plasma
membrane. This suggests that lipid rafts might be
an important site for the dynamic assembly of
classical cadherins like N-cadherin at cell
junctions; in fact, lipid rafts appear to stabilize
cadherin-dependent adhesion complexes
(Causeret et al. 2005). The presence of
E-cadherin in lipid rafts has been shown to be
necessary for the initial interaction of Listeria
monocytogenes with cells, in order for it to gain
entry into host cells (Seveau et al. 2004). Proteins
in lipid rafts are sometimes interaction sites for
the entry of pathogens, and it is interesting that

E-cadherin associated with rafts plays a role in
listeria infection.

Non-association of Cadherins with Exosomes
and Organelles Hardly anything is known about
whether cadherins are present on exosomes, or
about whether they affect the fusion of the
exosome with other cells, or play any role in
cell-cell fusion which is either stimulatory or
inhibitory. Similarly, almost nothing is yet
known about whether cadherins are present on
the membranes covering intracellular organelles
such as the nucleus, or lysosomes, or whether
they play any causative roles in endocytosis or
exocytosis, or phagocytosis, rather than just being
the subjects of these processes in terms of their
trafficking. Given that the entire membranous
pool of the cell is commonly described as the
‘endomembrane system’, with evidence of the
rapid exchange of lipids between the plasma
membrane at the cell surface and the membranes
covering all intracellular organelles, it is interest-
ing that there is no evidence of the association of
any cadherin, including any of the classical
cadherins, with the entire endomembrane system,
with organelles or with exosomes. Of course, the
lack of evidence in this regard cannot be assumed
to be the evidence of lack and it might be a good
idea to examine whether indeed organelle
membranes lack cadherins and other CAMs and
also how these are restricted and removed. It may
be said, in jest, that the endoplasmic reticulum is
associated with cadherins; only that they face the
lumen of the ER and not the cytoplasm. What
about the other organelle membranes? Can the
presence or location of cadherins in these tell us
something about the nature of their equilibrium
with the plasma membrane?

9.11 Hypotheses, Perspectives
and Questions

Do Cadherin Domains Act Like Extendable
‘Unfoldable-Refoldable’ Springs? Anyone
familiar with the studies of the mechanical
unfolding of the repeat domains of the muscle
protein ‘Titin’ performed over a decade ago
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(in order to examine how many piconewtons of
force are required to unfold individual domains,
as well as whether domains refold when allowed
to do so) would be likely to wonder whether the
repeat domains of cadherins undergo mechanical
force-induced unfolding as cells move away from
each other. It is conceivable that the mechanical
forces exerted upon the cadherins by the
movements of cells could indeed result in the
unfolding of the ectodomains. In particular, with
cadherins which have many more than five repeat
domains, e.g. cadherin-23, it is even conceivable
that cells displaying such cadherins on their sur-
face, which appear not to be in contact, happen to
actually still remain in contact (despite having
moved away from each other) or be already in
contact (long before they have physically touched
each other). Their still-folded (and still
interacting) outermost EC1 and EC2 domains
could very well have ‘snaked’ away from their
surfaces, due to the existence of other unfolded
repeat domains in the polypeptide chain, right up
to the domains that lie next to the membranes. It is
even conceivable that where there are enough of
such partially unfolded cadherin polypeptides on

a cell’s surface, these could trap cells at large
distances prior to the actual physical contact and
then ‘reel in’ such cells into coming into close
contact through the progressive calcium binding-
aided folding of unfolded domains. This concept
is schematically illustrated in Fig. 9.5, for a clas-
sical cadherin containing five ectodomains,
e.g. E-cadherin or N-cadherin.

Are Longer Cadherins Used for Long-
Distance Cell Contacts and Looser Adherence
Junctions in Cancers? As a corollary to the
above, in certain situations, e.g. in cancers in
which cadherin expression profiles are altered
and cadherins with larger numbers of repeat
domains, e.g. cadherin-23, tend to be
overexpressed, could the membranes of
juxtaposed cells appear to be farther away from
each other than in the case of adhesions based on
classical cadherins? What implications might
such a situation have for the cells in question?
Would the adherence junctions be much more
accommodating, in terms of allowing greater con-
tact with the extracellular fluids, nutrients,
cytokines and other factors?

Fig. 9.5 As long as EC1
remains folded and capable
of engaging in intercellular
contacts, other domains
could undergo unfolding in
order to undergo
lengthening and allow cells
to move away and towards
each other while remaining
in contact through the
unfolding and refolding of
domains. The structures of
the folded domains in this
schematic figure were
generated using the
software UCSF Chimera
and the PDB ID 3Q2V for
mouse full-length
E-cadherin
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Are N-cadherin’s Outermost Ectodomains
Likely to Be More Refoldable than Those
of E-cadherin? Although it might seem like a
specious argument at first sight, it could be argued
that different kinds of cadherins have evolved for
the mutual attachments of neuronal and epithelial
cells because neurons are required to very quickly
‘make or break’ synaptic connections with other
neurons, whereas contacts between epithelial
cells tend to be somewhat more long-lived (and
in certain instances, e.g. in tissues, lifelong
contacts). The question is whether this is likely
to have a biophysical correlate, in terms of the
unfolding and refolding characteristics of the EC1
and EC2 domains of the E- and N-cadherins. If
one were to make a prediction, one could argue
that since neurons often need to rapidly separate
away from other neurons in order to join yet other
neurons, the mechanical forces involved in such
rapid separation could result in the unfolding of
the ectodomains of N-cadherin. If such domains
were completely incapable of undergoing rapid
refolding and no time were available to replenish
the relevant regions of the neuron’s surface with
freshly synthesized and folded cadherins, neurons
could become incapable of breaking contacts and
making new contacts. In contrast, in epithelial
cells, there would presumably be time available
to replenish E-cadherins destroyed through the
unfolding of ectodomains. Thus, the prediction
would be that N-cadherin’s ectodomains, espe-
cially domains EC1 and EC2, must be far more
amenable to undergoing unfolding and refolding
than those of E-cadherin. It would be interesting
to verify whether this is indeed the case.

Are Homophilic Contacts Between
N-cadherins Less Strong than Those Between
E-cadherins? For reasons entirely similar to
those laid out in the perspective mentioned imme-
diately above, it could be argued that, on balance,
contacts between N-cadherins would be weaker,
in terms of dissociation constants, than contacts
between E-cadherins, because neurons have a
greater need, and tendency, to dissociate. On the
other hand, it could also be argued that the areas
of contacts between neurons tend to be smaller

than those between epithelial cells and that, there-
fore, fewer cadherin molecules could be involved
in building cell-cell contacts, with these contacts
being much stronger than those between epithe-
lial cells. It would be interesting to more fully
examine which of these scenarios are true, given
that there is already some evidence reviewed in
this article to suggest that the former scenario
is true.

Does Avidity Compensate for Differences
in Affinity? In general, it might be argued that
differences in the affinities of homophilic contacts
between cadherins might not be extremely rele-
vant, because it is conceivable that cells
overexpress a cadherin that employs weaker
homophilic contacts, if necessary, to ensure that
there are a much larger number of molecules
involved in making contacts, with greater avidity
compensating for lower affinity. Of course, there
is only a finite amount of area available on the cell
surface, and cadherins and other CAMs have to
share it with a multitude of other cell surface
proteins and receptors. It would be interesting to
understand how cells manage these issues of
avidity versus affinity, based on their shapes and
surface areas.

Do Calcium Channels and Transporters Reg-
ulate Cadherin Function and Cell Separation
in Development and Cancer? Calcium
channels and transporters on the cell membrane
can be thought to underlie a region of the cell’s
surface which is engaged in cadherin-based cell-
cell adhesive interactions, much like the under-
brush on a forest’s floor underlies the tall trees of
a forest. Since cadherins have relatively weak
(micromolar to millimolar) affinities for calcium,
it is likely that there occurs a significant dissocia-
tion and reassociation of calcium, allowing
cadherins to remain associated for long durations
only when the equilibrium concentrations of cal-
cium are sufficiently high to overcome the poor
affinity of cadherins for calcium. Under such
circumstances, if the replenishment of calcium
from the serum were to be restricted, such that a
requisitely high, equilibrium concentration of

9 Structural-Mechanical and Biochemical Functions of Classical Cadherins at. . . 129



calcium was slow to be re-established, ions
transported away from the vicinity of cadherins
by channels or transporters could facilitate rapid
dissociation of cells in a region of the surface
through rapid calcium depletion-aided loss of
cadherin-cadherin trans contacts. Such a mecha-
nism would be particularly effective if there were
insufficient scope for the rapid replenishment of
calcium owing to the restriction of ion movement
by molecular crowding, calcium trapping or
continued calcium removal by channel/trans-
porter action. From a design and engineering
viewpoint, one very efficient way to cause rapid
cell-cell separation would be to upregulate the
presence or activity of calcium channels and
transporters, in a ‘hit-and-run’ mode, rapidly
sucking up the available calcium and transporting
it into the cell until cadherin-cadherin separation
is achieved. Separation would, of course, imme-
diately allow replenishment of calcium from the
serum and extracellular fluids, but presumably by
this time cells would have already separated.
Intriguingly, there is evidence that verapamil
which blocks calcium transport also does reduce
cellular metastasis, which requires cell-cell sepa-
ration (Tsuruo et al. 1985). There is also consid-
erable evidence available now to suggest that
metastasising cells do have upregulated levels of
at least three different calcium channels (Mo and
Yang 2018), suggesting that the above scenario is
likely to be true. The concept is explained in
Fig. 9.6 below.

Do Endogenous Proteases Function in Cell
Separation? Cell-cell separations in cell culture
experiments are achieved by adding trypsin and
EDTA. Presumably, the EDTA chelates calcium
away from the cadherins, making them more sus-
ceptible to proteolysis by trypsin in a non-
calcium-bound state, and this allows trypsin to
then selectively act on the cadherins to rapidly
cut them away from each other and break up
residual cadherin-cadherin contacts. If, indeed,
this is how cell-cell separations are achieved in
cell culture, it is conceivable that the same could
also apply to cells in vivo, i.e. cells could produce
and secrete trypsin whenever necessary, in the
vicinity of the regions of a cell’s surface

attempting to dissociate from surrounding cells,
to facilitate the dissociation process along with
the mechanism outlined above about upregulation
of calcium channels and transporters. It must be
mentioned here that originally, it was assumed
that trypsin is only made by acinar cells in the
pancreas; however, for over two decades now, it
is known from in situ hybridization, immunohis-
tochemistry and reverse-transcription PCR that
trypsin is expressed widely in epithelial cells in
the oesophagus, stomach, skin, lung, small intes-
tine, liver, kidney and extrahepatic bile duct and
also in neuronal and splenic cells, as well as in the
brain. Also, many cell types have receptors for
trypsin on their surfaces. So, basically, the
hypothesis is that a cell wishing to exit from a
tissue, or alter its contacts, could simply produce
and secrete trypsin to act in autocrine fashion.

Is There a Division of Labour Amongst
Cadherin Domains for Cis (EC3, EC4
and EC5) and Trans (EC1 and EC2)
Interactions? While there is now much evi-
dence that EC1 and EC2 engage in adhesive
interactions, not much is known about the role
of the remaining ectodomains, i.e. EC3, EC4 and
EC5, besides some information which is available
about interactions of such domains with certain
growth factors and some receptors. Our proposal
is that EC3, EC4 and EC5 are domains that
engage in cis interactions amongst cadherins on
the same surface, with EC1 and EC2 are engaged
primarily in trans interactions between cells. We
further propose that cis and trans interactions
cooperate and are interdependent. It is already
known that EC1 and EC2 form monomers and
dimers and nothing larger, either individually or
in fusion constructs. We propose that EC3, EC4
and EC5 will turn out to form large multimolecu-
lar complexes consisting of folded polypeptide
chains, individually and in fusion constructs,
suggesting that they have a natural tendency to
associate and cluster together and that they could
bring cadherins together through cis interactions.

Do Cis Cadherin Interactions Contribute
to Cell Surface Flatness? Calcium binding
straightens up the entire set of five ectodomains
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into a rodlike rigid shape. Above, we have
hypothesized that this can stimulate cis
interactions between cadherins displayed on the
same cell’s surface, involving interactions of the
EC3-EC3, EC4-EC4 and EC5-EC5 varieties,
especially where a high concentration of
calcium-bound cadherins pre-exists on the cell’s
surface allowing molecules to collide and associ-
ate. Here we propose that this is the primary
mechanism for causing a cell’s surface to be flat,
i.e. by causing the formation of two-dimensional
lattices of cadherins that then hold the plasma
membrane in a flat shape. Of course, this could
then be further supported by actin cytoskeletal

dynamics involving the catenins. This concept is
shown in Fig. 9.7, which shows how a combina-
tion of cis and trans interactions between
E-cadherins can lead to the formation of a rigid
adherens junction that ensures the flatness of the
cell’s surface. Of course, such a flat interface
region between cells would need to be supported
adequately by the formation of intracellular
contacts of the cadherins with suitably disposed
catenins and the actin cytoskeletal network.

Summary of Concepts Figure 9.7a also shows
schematically some differences between E- and
N-cadherin-based contacts involving cuboidal

Fig. 9.6 Two adjacent regions of an adherence junction
are shown. The one on the left is shown to have fewer
calcium channels/transporters. These are also shown as
being inactive and/or fewer in number. This allows cal-
cium association-dissociation from the cadherins in the
region to occur in such a manner that a high equilibrium
concentration of calcium can be maintained in the region,
with available calcium ions remaining titrated within the
region by binding dissociation with cadherin. As a conse-
quence, cell-cell contacts also remain stable. In contrast, in
the region on the right, there are larger numbers of calcium

channels transporting calcium into cells and/or higher
numbers of functionally active channels/transporters.
This results in the available calcium being depleted
through transport into the cell and cellular organellar
stores. This is proposed to result in a poorer (suboptimal)
equilibrium calcium concentration in the region, owing to
the slowness of replenishment of calcium from the serum.
Consequently, the loss of the requisite calcium concentra-
tion in the region leads to the loss of cadherin-cadherin
associations and separation of cells. The above is proposed
as a mechanism for cell-cell separations during metastasis
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Fig. 9.7 Panel (a) Likely differential behaviour of N- and
E-cadherin at neuronal cell-cell interfaces and epithelial
cell-cell interfaces, respectively. It is proposed that the
outermost ectodomains of N-cadherin must interact with
lower affinity, there must be fewer N-cadherins present,
and also the outermost ectodomains of N-cadherin must
unfold and refold in a facile manner, to facilitate the rapid
breaking and remaking of connections between neurons.
On the other hand, it is proposed that the outermost

ectodomains of E-cadherin must interact with higher affin-
ity, there must be more E-cadherin molecules present and
the outermost ectodomains of E-cadherin may not be
amenable to unfolding and refolding (but require replen-
ishment after breaking of contacts), to facilitate long-lived
contacts. The figure also emphasizes that high-density
E-cadherin contacts could facilitate maintenance of cell
surface flatness. Panel (b) Six likely different modes of
existence of the ectodomains of cadherins at cell-cell
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epithelial cells and neuronal synapses, respec-
tively. Our hypothesis is that the latter type of
contacts involve EC1 and EC2 domains which are
more easy to unfold and refold (refer to the con-
cept outlined in Fig. 9.5) because neurons are
required to frequently dissociate and reassociate.
Thus, the EC1 and EC2 domains of N-cadherin
are likely to be amenable to multiple rounds of
unfolding and refolding. In contrast, epithelial
cells engage in contacts that are far more long-
lived, on the average. Therefore, their EC1 and
EC2 domains could have evolved in a manner
that would not allow them to undergo multiple
rounds of unfolding and refolding. Also, these
differential needs of neuronal and epithelial cells
could be serviced by a lower density of cadherins
at the cell-cell interface, as well as a lower
strength of the EC1-EC1 trans interaction in the
case of neurons. All these possibilities are
summarized in Fig. 9.7a, which would be
fascinating to explore experimentally.
Figure 9.7b serves the purpose of summarizing
all the different modes of cadherin-cadherin
interactions that have been discussed in this
review.

References

Abedin M, King N (2008) The premetazoan ancestry of
cadherins. Science 319(5865):946–948

Al-Amoudi A, Castano-Diez D et al (2011) The three-
dimensional molecular structure of the desmosomal
plaque. Proc Natl Acad Sci U S A 108(16):6480–6485

Berx G, van Roy F (2009) Involvement of members of the
cadherin superfamily in cancer. Cold Spring Harb
Perspect Biol 1(6):a003129

Bhatt T, Rizvi A et al (2013) Signaling and mechanical
roles of E-cadherin. Cell Commun Adhes 20
(6):189–199

Bierkamp C, Mclaughlin KJ et al (1996) Embryonic heart
and skin defects in mice lacking plakoglobin. Dev Biol
180(2):780–785

Blanco MJ, Moreno-Bueno G et al (2002) Correlation of
snail expression with histological grade and lymph
node status in breast carcinomas. Oncogene 21
(20):3241–3246

Boggon TJ, Murray J et al (2002) C-cadherin ectodomain
structure and implications for cell adhesion
mechanisms. Science 296(5571):1308–1313

Bolós V, Peinado H et al (2003) The transcription factor
slug represses E-cadherin expression and induces epi-
thelial to mesenchymal transitions: a comparison with
snail and E47 repressors. J Cell Sci 116(3):499–511

Bosveld F, Bonnet I et al (2012) Mechanical control of
morphogenesis by Fat/Dachsous/Four-jointed planar
cell polarity pathway. Science 336(6082):724–727

Brady-Kalnay SM, Rimm DL et al (1995) Receptor pro-
tein tyrosine phosphatase PTPmu associates with
cadherins and catenins in vivo. J Cell Biol 130
(4):977–986

Cadwell CM, Su W et al (2016) Cadherin tales: regulation
of cadherin function by endocytic membrane traffick-
ing. Traffic 17(12):1262–1271

Cailliez F, Lavery R (2005) Cadherin mechanics and com-
plexation: the importance of calcium binding. Biophys
J 89(6):3895–3903

Cailliez F, Lavery R (2006) Dynamics and stability of
E-cadherin dimers. Biophys J 91(11):3964–3971

Carnahan RH, Rokas A et al (2010) The molecular evolu-
tion of the p120-catenin subfamily and its functional
associations. PLoS One 5(12):e15747

Carneiro F, Oliveira C et al (2008) Molecular pathology of
familial gastric cancer, with an emphasis on hereditary
diffuse gastric cancer. J Clin Pathol 61(1):25–30

Causeret M, Taulet N et al (2005) N-cadherin association
with lipid rafts regulates its dynamic assembly at cell-
cell junctions in C2C12 myoblasts. Mol Biol Cell 16
(5):2168–2180

Chappuis-Flament S, Wong E et al (2001) Multiple
cadherin extracellular repeats mediate homophilic
binding and adhesion. J Cell Biol 154(1):231–243

Chen CP, Posy S et al (2005) Specificity of cell-cell
adhesion by classical cadherins: critical role for
low-affinity dimerization through -strand swapping.
Proc Natl Acad Sci U S A 102(24):8531–8536

Chung F-Z, Sahasrabuddhe AA et al (2014) Fbxo45
inhibits calcium-sensitive proteolysis of N-cadherin
and promotes neuronal differentiation. J Biol Chem
289(41):28448–28459

Ciatto C, Bahna F et al (2010) T-cadherin structures reveal
a novel adhesive binding mechanism. Nat Struct Mol
Biol 17(3):339

��

Fig. 9.7 (continued) interfaces. Mode I shows cis
interactions involving EC3, EC4 and EC5 and trans
interactions involving primarily EC1, supported by EC2.
Mode II shows an interaction similar to mode I, except that
cis interactions involve only EC3 and EC4. Mode III
shows only cis interactions involving EC3 and EC4 with

no trans interactions. Mode IV also shows only cis
interactions; however, these involve only EC1 with no
trans interactions. Mode V shows trans interactions
involving EC1 with no cis interactions. Mode VI shows
cadherins with neither cis nor trans interactions

9 Structural-Mechanical and Biochemical Functions of Classical Cadherins at. . . 133



Clark HF, Brentrup D et al (1995) Dachsous encodes a
member of the cadherin superfamily that controls
imaginal disc morphogenesis in Drosophila. Genes
Dev 9(12):1530–1542

Cleton-Jansen AM (2002) E-cadherin and loss of hetero-
zygosity at chromosome 16 in breast carcinogenesis:
different genetic pathways in ductal and lobular breast
cancer? Breast Cancer Res 4(1):5–8

Corps E, Carter C et al (2001) Recognition of E-cadherin
by integrin alpha(E)beta(7): requirement for cadherin
dimerization and implications for cadherin and integrin
function. J Biol Chem 276(33):30862–30870

Corso G, Carvalho J et al (2013) Somatic mutations and
deletions of the E-cadherin gene predict poor survival
of patients with gastric cancer. J Clin Oncol 31
(7):868–875

Cruse JM, Lewis RE et al (2004) Immunology Guidebook.
Elsevier, San Diego

Davis MA, Ireton RC et al (2003) A core function for
p120-catenin in cadherin turnover. J Cell Biol 163
(3):525–534

de Beco S, Gueudry C et al (2009) Endocytosis is required
for E-cadherin redistribution at mature adherens
junctions. Proc Natl Acad Sci 106(17):7010–7015

Delva E, Tucker DK et al (2009) The desmosome. Cold
Spring Harb Perspect Biol 1(2):a002543–a002543

Doherty GJ, McMahon HT (2009) Mechanisms of endo-
cytosis. Annu Rev Biochem 78:857–902

Drees F, Pokutta S et al (2005) α-catenin is a molecular
switch that binds E-cadherin-β-catenin and regulates
actin-filament assembly. Cell 123(5):903–915

Emond MR, Biswas S et al (2011) A complex of
Protocadherin-19 and N-cadherin mediates a novel
mechanism of cell adhesion. J Cell Biol 195
(7):1115–1121

Farrell J, Kelly C et al (2014) HGF induces epithelial-to-
mesenchymal transition by modulating the mammalian
hippo/MST2 and ISG15 pathways. J Proteome Res 13
(6):2874–2886

Funayama N, Fagotto F et al (1995) Embryonic axis
induction by the armadillo repeat domain of beta-
catenin: evidence for intracellular signaling. J Cell
Biol 128(5):959–968

Gallin WJ (1998) Evolution of the" classical" cadherin
family of cell adhesion molecules in vertebrates. Mol
Biol Evol 15(9):1099–1107

García-Castro MI, Vielmetter E, Bronner-Fraser M (2000)
N-cadherin, a cell adhesion molecule involved in
establishment of embryonic left-right asymmetry. Sci-
ence 288(5468):1047–1051

Garrod DR, Merritt AJ et al (2002) Desmosomal
cadherins. Curr Opin Cell Biol 14(5):537–545

Gates J, Peifer M (2005) Can 1000 reviews be wrong?
Actin, α-catenin, and adherens junctions. Cell 123
(5):769–772

Gavard J, Gutkind JS (2008) A molecular crosstalk
between E-cadherin and EGFR signaling networks.
In: EGFR Signaling Networks in Cancer Therapy.
Humana Press, Totowa, pp 131–146

Green KJ, Simpson CL (2007) Desmosomes: new
perspectives on a classic. J Investig Dermatol 127
(11):2499–2515

Gumbiner BM (2005) Regulation of cadherin-mediated
adhesion in morphogenesis. Nat Rev Mol Cell Biol 6
(8):622–634

Haegel H, Larue L et al (1995) Lack of beta-catenin affects
mouse development at gastrulation. Development 121
(11):3529–3537

Halbleib JM, Nelson WJ (2006) Cadherins in develop-
ment: cell adhesion, sorting, and tissue morphogenesis.
Genes Dev 20(23):3199–3214

Harrison OJ, Bahna F et al (2010) Two-step adhesive
binding by classical cadherins. Nat Struct Mol Biol
17(3):348

Harrison OJ, Jin X et al (2011) The extracellular architec-
ture of adherens junctions revealed by crystal
structures of type I cadherins. Structure 19(2):244–256

Hartsock A, Nelson WJ (2008) Adherens and tight
junctions: structure, function and connections to the
actin cytoskeleton. Biochimica et Biophysica Acta
(BBA)-Biomembranes 1778(3):660–669

Hatzfeld M (2007) Plakophilins: multifunctional proteins
or just regulators of desmosomal adhesion?
Biochimica et Biophysica Acta (BBA)-Mol Cell Res
1773(1):69–77

Häussinger D, Ahrens T et al (2004) Proteolytic
E-cadherin activation followed by solution NMR and
X-ray crystallography. EMBO J 23(8):1699–1708

HeW, Cowin P et al (2003) Untangling desmosomal knots
with electron tomography. Science 302
(5642):109–113

Hulpiau P, Van Roy F (2009) Molecular evolution of the
cadherin superfamily. Int J Biochem Cell Biol 41
(2):349–369

Hulpiau P, Van Roy F (2010) New insights into the evolu-
tion of metazoan cadherins. Mol Biol Evol 28
(1):647–657

Hülsken J, Birchmeier W et al (1994) E-cadherin and APC
compete for the interaction with beta-catenin and the
cytoskeleton. J Cell Biol 127(6):2061–2069

Iino R, Koyama I et al (2001) Single molecule imaging of
green fluorescent proteins in living cells: E-cadherin
forms oligomers on the free cell surface. Biophys J 80
(6):2667–2677

Johnson SK, Ramani VC et al (2007) Kallikrein 7 enhances
pancreatic cancer cell invasion by shedding
E-cadherin. Cancer 109(9):1811–1820

Kalluri R (2009) EMT: when epithelial cells decide to
become mesenchymal-like cells. J Clin Invest 119
(6):1417–1419

Kalluri R, Weinberg RA (2009) The basics of epithelial-
mesenchymal transition. J Clin Invest 119
(6):1420–1428

Katsamba P, Carroll K et al (2009) Linking molecular
affinity and cellular specificity in cadherin-mediated
adhesion. Proc Natl Acad Sci 106(28):11594–11599

Kawanishi J, Kato J et al (1995) Loss of E-cadherin-
dependent cell-cell adhesion due to mutation of the

134 P. Tiwari et al.



beta-catenin gene in a human cancer cell line, HSC-39.
Mol Cell Biol 15(3):1175–1181

Kim N-G, Koh E et al (2011) E-cadherin mediates contact
inhibition of proliferation through Hippo signaling-
pathway components. Proc Natl Acad Sci 108
(29):11930–11935

Kister AE, Roytberg MA et al (2001) The sequence
determinants of cadherin molecules. Protein Sci 10
(9):1801–1810

Klucky B, Mueller R et al (2007) Kallikrein 6 induces
E-cadherin shedding and promotes cell proliferation,
migration, and invasion. Cancer Res 67
(17):8198–8206

Koch AW, Pokutta S et al (1997) Calcium binding and
homoassociation of E-cadherin domains. Biochemistry
36(25):7697–7705

Korman NJ, Eyre RW et al (1989) Demonstration of an
adhering-junction molecule (plakoglobin) in the
autoantigens of pemphigus foliaceus and pemphigus
vulgaris. N Engl J Med 321(10):631–635

Kostetskii I, Li J et al (2005) Induced deletion of the
N-cadherin gene in the heart leads to dissolution of
the intercalated disc structure. Circ Res 96(3):346–354

Kowalczyk AP, Nanes BA (2012) Adherens junction turn-
over: regulating adhesion through cadherin endocyto-
sis, degradation, and recycling. Adherens Junctions:
from molecular mechanisms to tissue development
and disease, Springer:197–222

Kowalski PJ, Rubin MA et al (2003) E-cadherin expres-
sion in primary carcinomas of the breast and its distant
metastases. Breast Cancer Res 5(6):R217–R222

Kwiatkowski AV, Maiden SL et al (2010) In vitro and
in vivo reconstitution of the cadherin–catenin–actin
complex from Caenorhabditis elegans. Proc Natl
Acad Sci 107(33):14591–14596

Kypta RM, Su H et al (1996) Association between a
transmembrane protein tyrosine phosphatase and the
cadherin-catenin complex. J Cell Biol 134
(6):1519–1529

Lamouille S, Xu J et al (2014) Molecular mechanisms of
epithelial-mesenchymal transition. Nat Rev Mol Cell
Biol 15(3):178–196

Le TL, Yap AS et al (1999) Recycling of E-cadherin.
Potential Mech Regul Cadherin Dyn 146(1):219–232

Leckband D, Prakasam A (2006) Mechanism and dynam-
ics of cadherin adhesion. Annu Rev Biomed Eng
8:259–287

Li Y, Altorelli NL et al (2013) Mechanism of E-cadherin
dimerization probed by NMR relaxation dispersion.
Proc Natl Acad Sci 110(41):16462–16467

Liu Y (2010) New insights into epithelial-mesenchymal
transition in kidney fibrosis. J Am Soc Nephrol 21
(2):212–222

Lodish H, Berk A et al (2000) Molecular cell biology, 4th
edn. Bookshelf, National Center for Biotechnology
Information

Lombaerts M, Van Wezel T et al (2006) E-cadherin tran-
scriptional downregulation by promoter methylation
but not mutation is related to epithelial-to-

mesenchymal transition in breast cancer cell lines. Br
J Cancer 94(5):661

Lorthongpanich C, Doris TPY et al (2012) Developmental
fate and lineage commitment of singled mouse
blastomeres. Development 139(20):3722–3731

Mahoney PA, Weber U et al (1991) The fat tumor sup-
pressor gene in Drosophila encodes a novel member of
the cadherin gene superfamily. Cell 67(5):853–868

Manibog K, Sankar K et al (2016) Molecular determinants
of cadherin ideal bond formation: conformation-
dependent unbinding on a multidimensional landscape.
Proc Natl Acad Sci 113(39):E5711–E5720

Masciari S, Larsson N et al (2007) Germline E-cadherin
mutations in familial lobular breast cancer. J Med
Genet 44(11):726–731

Mayosi BM, Fish M et al (2017) Identification of cadherin
2 (CDH2) mutations in Arrhythmogenic right ventric-
ular cardiomyopathy. Circ Cardiovasc Genet 10(2):
e001605

McEwen AE, Maher MT et al (2014) E-cadherin phos-
phorylation occurs during its biosynthesis to promote
its cell surface stability and adhesion. Mol Biol Cell 25
(16):2365–2374

Mo P, Yang S (2018) The store-operated calcium channels
in cancer metastasis: from cell migration, invasion to
metastatic colonization. Front Biosci (Landmark Ed)
23:1241–1256

Moeller MJ, Soofi A et al (2004) Protocadherin FAT1
binds Ena/VASP proteins and is necessary for actin
dynamics and cell polarization. EMBO J 23
(19):3769–3779

Murray PS, Zaidel-Bar R (2014) Pre-metazoan origins and
evolution of the cadherin adhesome. Biol open 3
(12):1183–1195

Nagafuchi A, Ishihara S et al (1994) The roles of catenins
in the cadherin-mediated cell adhesion: functional
analysis of E-cadherin-alpha catenin fusion molecules.
J Cell Biol 127(1):235–245

Nagafuchi A, Takeichi M et al (1991) The 102 kd
cadherin-associated protein: similarity to vinculin and
posttranscriptional regulation of expression. Cell 65
(5):849–857

Nagar B, Overduin M et al (1996) Structural basis of
calcium-induced E-cadherin rigidification and dimer-
ization. Nature 380(6572):360

Nakagawa S, Takeichi M (1998) Neural crest emigration
from the neural tube depends on regulated cadherin
expression. Development 125(15):2963–2971

Nakamura T, Mochizuki Y et al (2001) Signals via FGF
receptor 2 regulate migration of endothelial cells.
Biochem Biophys Res Commun 289(4):801–806

Nakayama M, Nakajima D et al (1998) Identification of
high-molecular-weight proteins with multiple
EGF-like motifs by motif-trap screening. Genomics
51(1):27–34

Nawrocki-Raby B, Gilles C et al (2003) Upregulation of
MMPs by soluble E-cadherin in human lung tumor
cells. Int J Cancer 105(6):790–795

9 Structural-Mechanical and Biochemical Functions of Classical Cadherins at. . . 135



Nelson CM, Chen CS (2003) VE-cadherin simultaneously
stimulates and inhibits cell proliferation by altering
cytoskeletal structure and tension. J Cell Sci 116
(Pt 17):3571–3581

Nichols SA, Roberts BW et al (2012) Origin of metazoan
cadherin diversity and the antiquity of the classical
cadherin/β-catenin complex. Proc Natl Acad Sci 109
(32):13046–13051

Niessen CM, Gumbiner BM (1998) The juxtamembrane
region of the cadherin cytoplasmic tail supports lateral
clustering, adhesive strengthening, and interaction with
p120ctn. J Cell Biol 141(3):779–789

Niessen CM, Gumbiner BM (2002) Cadherin-mediated
cell sorting not determined by binding or adhesion
specificity. J Cell Biol 156(2):389–400

Nishiguchi S, Yagi A et al (2016) Divergence of structural
strategies for homophilic E-cadherin binding among
bilaterians. J Cell Sci 129(17):3309–3319

Nollet F, Kools P et al (2000) Phylogenetic analysis of the
cadherin superfamily allows identification of six major
subfamilies besides several solitary members. J Mol
Biol 299(3):551–572

Nourse MB, Rolle MW et al (2007) Selective control of
endothelial cell proliferation with a synthetic dimerizer
of FGF receptor-1. Lab Investig 87(8):828

Oda H, Tsukita S (1999) Nonchordate classic cadherins
have a structurally and functionally unique domain that
is absent from chordate classic cadherins. Dev Biol 216
(1):406–422

Oda H, Wada H et al (2002) A novel amphioxus cadherin
that localizes to epithelial adherens junctions has an
unusual domain organization with implications for
chordate phylogeny. Evol Dev 4(6):426–434

Ogou S-I, Okada T et al (1982) Cleavage stage mouse
embryos share a common cell adhesion system with
teratocarcinoma cells. Dev Biol 92(2):521–528

Ozawa M, Engel J et al (1990a) Single amino acid
substitutions in one Ca2+ binding site of uvomorulin
abolish the adhesive function. Cell 63(5):1033–1038

Ozawa M, Ringwald M et al (1990b) Uvomorulin-catenin
complex formation is regulated by a specific domain in
the cytoplasmic region of the cell adhesion molecule.
Proc Natl Acad Sci 87(11):4246–4250

Parisini E, Higgins JM et al (2007) The crystal structure of
human E-cadherin domains 1 and 2, and comparison
with other cadherins in the context of adhesion mecha-
nism. J Mol Biol 373(2):401–411

Patel SD, Chen CP et al (2003) Cadherin-mediated cell–
cell adhesion: sticking together as a family. Curr Opin
Struct Biol 13(6):690–698

Pertz O, Bozic D et al (1999) A new crystal structure, Ca2
+ dependence and mutational analysis reveal molecular
details of E-cadherin homoassociation. EMBO J 18
(7):1738–1747

Pike LJ (2003) Lipid rafts bringing order to chaos. J Lipid
Res 44(4):655–667

Pokutta S, Weis WI (2007) Structure and mechanism of
cadherins and catenins in cell-cell contacts. Annu Rev
Cell Dev Biol 23:237–261

Posy S, Shapiro L et al (2008) Sequence and structural
determinants of strand swapping in cadherin domains:
do all cadherins bind through the same adhesive inter-
face? J Mol Biol 378(4):954–968

Prasad A, Pedigo S (2005) Calcium-dependent stability
studies of domains 1 and 2 of epithelial cadherin.
Biochemistry 44(42):13692–13701

Priest AV, Shafraz O et al (2017) Biophysical basis of
cadherin mediated cell-cell adhesion. Exp Cell Res 358
(1):10–13

Riethmacher D, Brinkmann V et al (1995) A targeted
mutation in the mouse E-cadherin gene results in
defective preimplantation development. Proc Natl
Acad Sci 92(3):855–859

Roh J-Y, Stanley JR (1995) Plakoglobin binding by
human Dsg3 (pemphigus vulgaris antigen) in
keratinocytes requires the cadherin-like
intracytoplasmic segment. J Investig Dermatol 104
(5):720–724

Roura S, Miravet S et al (1999) Regulation of E-cadherin/
catenin association by tyrosine phosphorylation. J Biol
Chem 274(51):36734–36740

Saglietti L, Dequidt C et al (2007) Extracellular
interactions between GluR2 and N-cadherin in spine
regulation. Neuron 54(3):461–477

Sano K, Tanihara H et al (1993) Protocadherins: a large
family of cadherin-related molecules in central nervous
system. EMBO J 12(6):2249–2256

Sarpal R, Pellikka M et al (2012) Mutational analysis
supports a core role for Drosophila α-catenin in
adherens junction function. J Cell Sci 125(1):233–245

Schlegelmilch K, Mohseni M et al (2011) Yap1 acts
downstream of α-catenin to control epidermal prolifer-
ation. Cell 144(5):782–795

Seveau S, Bierne H et al (2004) Role of lipid rafts in
E-cadherin–and HGF-R/Met–mediated entry of
Listeria monocytogenes into host cells. J Cell Biol
166(5):743–753

Shan W-S, Tanaka H et al (2000) Functional
cis-heterodimers of N-and R-cadherins. J Cell Biol
148(3):579–590

Shapiro L, Fannon AM et al (1995) Structural basis of cell-
cell adhesion by cadherins. Nature 374(6520):327

Shapiro L, Weis WI (2009) Structure and biochemistry of
cadherins and catenins. Cold Spring Harb Perspect
Biol 1(3):a003053

Siemens J, Lillo C et al (2004) Cadherin 23 is a component
of the tip link in hair-cell stereocilia. Nature 428
(6986):950–955

Siret C, Terciolo C et al (2015) Interplay between
cadherins and α2β1 integrin differentially regulates
melanoma cell invasion. Br J Cancer 113(10):1445

Sivasankar S, Zhang Y et al (2009) Characterizing the
initial encounter complex in cadherin adhesion. Struc-
ture 17(8):1075–1081

Son H, Moon A (2010) Epithelial-mesenchymal transition
and cell invasion. Toxicol Res 26(4):245

136 P. Tiwari et al.



Stemmler MP, Hecht A et al (2005) E-cadherin intron
2 contains cis-regulatory elements essential for gene
expression. Development 132(5):965–976

Stephenson RO, Yamanaka Y et al (2010) Disorganized
epithelial polarity and excess trophectoderm cell fate in
preimplantation embryos lacking E-cadherin. Develop-
ment 137(20):3383–3391

Strumane K, Bonnomet A et al (2006) E-cadherin
regulates human Nanos1, which interacts with
p120ctn and induces tumor cell migration and inva-
sion. Cancer Res 66(20):10007–10015

Suzuki ST (1996) Structural and functional diversity of
cadherin superfamily: are new members of cadherin
superfamily involved in signal transduction pathway? J
Cell Biochem 61(4):531–542

Suzuki ST, Hirano S (2016) The cadherin superfamily: key
regulators of animal development and physiology.
Springer, Tokyo

Taguchi K, Ishiuchi T et al (2011) Mechanosensitive
EPLIN-dependent remodeling of adherens junctions
regulates epithelial reshaping. J Cell Biol: JCB
201104124

Takeichi M (1990) Cadherins: a molecular family impor-
tant in selective cell-cell adhesion. Annu Rev Biochem
59(1):237–252

Takeichi M (1995) Morphogenetic roles of classic
cadherins. Curr Opin Cell Biol 7(5):619–627

Tamura K, Shan W-S et al (1998) Structure-function anal-
ysis of cell adhesion by neural (N-) cadherin. Neuron
20(6):1153–1163

Tanabe K, Takeichi M et al (2004) Identification of a
nonchordate-type classic cadherin in vertebrates:
chicken Hz-cadherin is expressed in horizontal cells
of the neural retina and contains a nonchordate-specific
domain complex. Dev Dyn 229(4):899–906

Taneyhill LA (2008) To adhere or not to adhere: the role of
Cadherins in neural crest cell development. Cell Adhes
Migr 2(4):223–230

Tanoue T, Takeichi M (2004) Mammalian Fat1 cadherin
regulates actin dynamics and cell–cell contact. J Cell
Biol 165(4):517–528

Thiery JP (2002) Epithelial-mesenchymal transitions in
tumour progression. Nat Rev Cancer 2(6):442–454

Thiery JP, Acloque H et al (2009) Epithelial-mesenchymal
transitions in development and disease. Cell 139
(5):871–890

Thomason HA, Scothern A et al (2010) Desmosomes:
adhesive strength and signalling in health and disease.
Biochem J 429(3):419–433

Tsai JH, Yang J (2013) Epithelial-mesenchymal plasticity
in carcinoma metastasis. Genes Dev 27
(20):2192–2206

Tsuruo T, Iida H et al (1985) Inhibition of spontaneous and
experimental tumor metastasis by the calcium antago-
nist verapamil. Cancer Chemother Pharmacol 14
(1):30–33

Vanhalst K, Kools P et al (2005) δ-Protocadherins: a gene
family expressed differentially in the mouse brain. Cell
Mol Life Sci CMLS 62(11):1247–1259

Vendome J, Felsovalyi K et al (2014) Structural and ener-
getic determinants of adhesive binding specificity in
type I cadherins. Proc Natl Acad Sci 111(40):E4175–
E4184

Vendome J, Posy S et al (2011) Molecular design
principles underlying β-strand swapping in the adhe-
sive dimerization of cadherins. Nat Struct Mol Biol 18
(6):693

Vleminckx K, Vakaet L Jr et al (1991) Genetic manipula-
tion of E-cadherin expression by epithelial tumor cells
reveals an invasion suppressor role. Cell 66
(1):107–119

Volk T, Cohen O et al (1987) Formation of heterotypic
adherens-type junctions between L-CAM-containing
liver cells and A-CAM-containing lens cells. Cell 50
(6):987–994

Wang Y, Kaiser MS et al (2010) Moesin1 and Ve-cadherin
are required in endothelial cells during in vivo
tubulogenesis. Development 137(18):3119–3128

Wang Y, Shi J et al (2013) The role of snail in EMT and
tumorigenesis. Curr Cancer Drug Targets 13
(9):963–972

Watanabe T, Sato K et al (2009) Cadherin-mediated inter-
cellular adhesion and signaling cascades involving
small GTPases. Cold Spring Harb Perspect Biol 1(3):
a003020

Weinhold B (2006) Epigenetics: the science of change.
Environ Health Perspect 114(3):A160–A167

Wheelock MJ, Shintani Y et al (2008) Cadherin switching.
J Cell Sci 121(Pt 6):727–735

Wijnhoven BP, de Both NJ et al (1999) E-cadherin gene
mutations are rare in adenocarcinomas of the oesopha-
gus. Br J Cancer 80(10):1652–1657

Witcher LL, Collins R et al (1996) Desmosomal cadherin
binding domains of plakoglobin. J Biol Chem 271
(18):10904–10909

Woichansky I, Beretta CA et al (2016) Three mechanisms
control E-cadherin localization to the zonula adherens.
Nat Commun 7:10834

Wu Q, Maniatis T (1999) A striking organization of a large
family of human neural cadherin-like cell adhesion
genes. Cell 97(6):779–790

Wu Y, Jin X et al (2010) Cooperativity between trans and
cis interactions in cadherin-mediated junction forma-
tion. Proc Natl Acad Sci 107(41):17592–17597

Wu Y, Vendome J et al (2011) Transforming binding
affinities from three dimensions to two with application
to cadherin clustering. Nature 475(7357):510

Xiao K, Allison DF et al (2003) Cellular levels of p120
catenin function as a set point for cadherin expression
levels in microvascular endothelial cells. J Cell Biol
163(3):535–545

Yamada S, Pokutta S et al (2005) Deconstructing the
cadherin-catenin-actin complex. Cell 123(5):889–901

Yonemura S (2011) A mechanism of
mechanotransduction at the cell-cell interface.
BioEssays 33(10):732–736

9 Structural-Mechanical and Biochemical Functions of Classical Cadherins at. . . 137



Yonemura S, Wada Y et al (2010) α-Catenin as a tension
transducer that induces adherens junction develop-
ment. Nat Cell Biol 12(6):533

Yoshiura K, Kanai Y et al (1995) Silencing of the
E-cadherin invasion-suppressor gene by CpG methyl-
ation in human carcinomas. Proc Natl Acad Sci U S A
92(16):7416–7419

Zeisberg M, Kalluri R (2004) The role of epithelial-to-
mesenchymal transition in renal fibrosis. J Mol Med
(Berl) 82(3):175–181

Zerial M, McBride H (2001) Rab proteins as membrane
organizers. Nat Rev Mol Cell Biol 2(2):107

Zhang Y, Sivasankar S et al (2009) Resolving cadherin
interactions and binding cooperativity at the single-
molecule level. Proc Natl Acad Sci 106(1):109–114

138 P. Tiwari et al.



Part III

G-Protein Coupled Receptors: From Structure to Function



Identification of Sphingolipid-binding
Motif in G Protein-coupled Receptors 10
Sandeep Shrivastava, Md. Jafurulla, Shrish Tiwari,
and Amitabha Chattopadhyay

Abstract

Sphingolipids correspond to a major class of
lipids which serve as indispensable structural
components of membranes and play an impor-
tant role in various cellular functions. They
constitute ~10–20% of total membrane lipids
and are known to form segregated domains in
biological membranes. Sphingolipids have
been shown to play a vital role in the function
of various G protein-coupled receptors (GPCRs).
We report here the presence of sphingolipid-
binding motif (SBM) in representative GPCRs
such as cholecystokinin, oxytocin and secretin
receptors, and subtypes of human serotonin
receptors. We previously reported the impor-
tance of sphingolipids in the function of the
serotonin1A receptor, a representative member
of the GPCR superfamily, involved in behav-
ioral, cognitive, and developmental functions.
In this work, we show that the serotonin1A
receptor contains a putative SBM, corres-
ponding to amino acids 205 to 213. In addition,
our analysis shows that SBM is an intrinsic
characteristic feature of the serotonin1A recep-
tor and is conserved throughout the course of
natural evolution. Our results represent the first

report on the presence of SBM in serotonin1A
receptors and provide novel insight on the
molecular mechanism of GPCR-sphingolipid
interaction.

Keywords

SBM · Sphingolipids · GPCR · Serotonin1A
receptor · CRAC

Abbreviations

CRAC Cholesterol recognition/interaction
amino acid consensus

GPCR G protein-coupled receptor
SBM Sphingolipid-binding motif

10.1 Introduction

Sphingolipids are indispensable constituents of
cellular membranes of eukaryotes and account
for ~10–20% of the entire lipids associated with
membranes (Holthuis et al. 2001). They are
believed to form laterally segregated domains
with cholesterol (also referred as ‘lipid rafts’)
(Brown 1998; Masserini and Ravasi 2001;
Jacobson et al. 2007). The concept of these mem-
brane domains assumes relevance as they have
been implicated in crucial physiological functions
such as cellular sorting, trafficking (Simons and
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van Meer 1988), cellular signaling (Simons and
Toomre 2000), and the entry of pathogens into
host cells (Riethmüller et al. 2006; Pucadyil and
Chattopadhyay 2007; Vieira et al. 2010;
Chattopadhyay and Jafurulla 2012; Kumar et al.
2016).

The G protein-coupled receptor (GPCR) super-
family constitutes an important class of proteins
employed in signal transduction (Rosenbaum et al.
2009; Chattopadhyay 2014). GPCRs are
associated with an array of physiological processes
and have therefore emerged as major drug targets
(Heilker et al. 2009; Chattopadhyay 2014; Cooke
et al. 2015; Jacobson 2015). An estimate of ~50%
of present clinically recommended drugs act as
either agonists or antagonists to GPCRs (Jacobson
2015). The serotonin1A receptor represents an
important G protein-coupled neurotransmitter
receptor and plays a vital role in several neurolog-
ical functions such as behavior, cognition, anxiety,
depression, and learning (Pucadyil et al. 2005;
Müller et al. 2007; Kalipatnapu and
Chattopadhyay 2007; Fiorino et al. 2014). It there-
fore naturally has emerged as an important target
in the development of therapeutics against neuro-
logical disorders (Kaufman et al. 2016).

GPCRs are transmembrane proteins, and a
large part of the receptor remains embedded in
the membrane. Any change in the membrane
lipid milieu therefore could influence the structure
and function of the receptor. For example, it is
estimated from molecular dynamics simulations
that the lipid-protein interface accounts for ~38%
of the entire surface area of rhodopsin (Huber et al.
2004). Keeping in mind the increasing relevance
of the serotonin1A receptor in pharmacology and
drug development, interaction of surrounding
membrane lipids with the receptor assumes signif-
icance. In this context, previous work from our
laboratory has demonstrated the requirement of
membrane cholesterol and sphingolipids
(reviewed in Pucadyil and Chattopadhyay 2006;
Paila and Chattopadhyay 2010; Jafurulla and
Chattopadhyay 2013, 2015) in the function of the
serotonin1A receptor. The influence of
sphingolipids on the structure and function of a

variety of membrane proteins has been attributed
to specific interaction (Snook et al. 2006).

A characteristic amino acid sequence which
could represent the conserved sphingomyelin-
binding motif in proteins has been previously
proposed (Contreras et al. 2012). These authors
identified a specific binding motif for
sphingomyelin, termed the sphingolipid-binding
motif (SBM), in the transmembrane protein p24
(a COPI machinery protein) and demonstrated the
headgroup and acyl chain specificity of
sphingomyelin in its interaction with this motif.
Importantly, these authors further showed that
only sphingomyelin with an appropriate dynamic
volume would fit into the cavity formed by SBM
residues in the transmembrane domain of p24. In
spite of the importance of sphingolipids in the
structure and function of several membrane
proteins, including GPCRs and ion channels
(Alves et al. 2005; Harikumar et al. 2005; Sjögren
and Svenningsson 2007; Fantini and Barrantes
2009; Slotte 2013; Jafurulla and Chattopadhyay
2015; Jafurulla et al. 2017), limited information is
available on specific binding motifs involved in
GPCR-sphingolipid interaction. Exploring the
possibility of specific interaction between
GPCRs and sphingolipids therefore assumes rele-
vance. In the present study, we identified the
presence of SBM in representative GPCRs such
as cholecystokinin, oxytocin and secretin
receptors, and subtypes of human serotonin
receptors. Earlier results from our laboratory
have shown that membrane sphingomyelin is
important for regulating the function of the
serotonin1A receptor (Jafurulla et al. 2008; Singh
and Chattopadhyay 2012). We therefore explored
the presence of SBM in the human serotonin1A
receptor and its conservation over the course of
natural evolution. Our results show that human
serotonin1A receptors contain a putative SBM in
transmembrane helix V. In addition, sequence
analysis of the serotonin1A receptor from various
species across diverse phyla shows that SBM is
an inherent characteristic attribute of the receptor
and is conserved throughout the course of natural
evolution.
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10.2 Methods

10.2.1 Identification of SBM
in Representative Human
GPCRs

The conserved signature sequence for SBM is
(I/L/T/V)XX(I/L/T/V)(I/L/T/V)XX(I/L/T/V)
(F/W/Y), where X represents any of the 20 natu-
rally occurring amino acids (Contreras et al.
2012; Björkholm et al. 2014). The putative
SBMs were identified by visual inspection in
cholecystokinin, oxytocin, serotonin, and secretin
receptors with the help of regular sequence of
SBM (see Fig. 10.1a). The amino acid sequences
of GPCRs were obtained from NCBI database.
The positions of starting amino acid residues in
the corresponding sequences are marked in
parentheses.

10.2.2 Sequence Alignments
of the Predicted SBM in Human
Serotonin Receptor Subtypes

Multiple sequence alignment for various seroto-
nin receptor subtypes was performed with
ClustalW (Larkin et al. 2007), using the human
serotonin1A receptor sequence as a reference. The
positions of starting amino acid residues in vari-
ous serotonin receptor subtypes are marked in
parentheses (see Fig. 10.1b).

10.2.3 Sequence Alignment
of the Serotonin1A Receptor
and Identification of SBM

The transmembrane helices of the serotonin1A
receptor were predicted using the program
TMHMM2 (Krogh et al. 2001; see Fig. 10.2).
The putative SBM in the serotonin1A receptor is
identified as described above. The conservation
of sphingolipid-binding motif (SBM) in the
serotonin1A receptor during evolution was

analyzed by examining amino acid sequences of
the receptor over various phyla obtained from
NCBI and ExPASy databases (see Fig. 10.3).
Partial, duplicate, and other non-specific
sequences were removed from the set of
sequences obtained. Initial alignment of
sequences was carried out using ClustalW. After
eliminating the relatively divergent parts of the
receptor, the sequence was realigned using the
same program. The putative SBMs in the
serotonin1A receptor were identified by visual
inspection. The amino acid sequences used for
the analysis belong to diverse taxa that include
insects, fish and other marine species,
amphibians, and extending up to mammals. The
quality of alignment shown in Figs. 10.1b and
10.3 was computed in Jalview, the software
used to view the alignment.

10.3 Results and Discussion

Sphingolipids have been shown to modulate the
function and organization of important classes of
membrane proteins such as GPCRs (Jafurulla and
Chattopadhyay 2015). In the overall context of
sphingolipid sensitivity of GPCR function
(Sjögren and Svenningsson 2007; Fantini and
Barrantes 2009; Paila et al. 2010; Singh et al.
2012; Jafurulla and Chattopadhyay 2015;
Jafurulla et al. 2017), we examined whether the
sequence of some of the representative GPCRs
includes any SBM(s). We identified the presence
of SBM in representative GPCRs such as chole-
cystokinin, oxytocin, serotonin1A, and secretin
receptors (see Fig. 10.1a). Interestingly, the func-
tion of some of these receptors (e.g., the chole-
cystokinin receptor) has been shown to be
modulated by sphingolipids (Harikumar et al.
2005). Sequence analysis of these receptors
revealed that while the secretin receptor contains
two SBMs (residues 31–39 and 182–190), the
cholecystokinin, the oxytocin, and the
serotonin1A receptor sequences display only one
motif. It is noteworthy that while the characteris-
tic SBM identified in oxytocin and one of the
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motifs in secretin receptors (residues 31–39)
show orientation of amino acids similar to what
was previously reported (Contreras et al. 2012;
Björkholm et al. 2014), SBM of the cholecystoki-
nin, the serotonin1A, and the second motif
(residues 182–190) in the secretin receptor was
found to be oriented in opposite direction.

In view of the fact that the various subtypes of
serotonin receptors share considerable sequence
homology (Hoyer et al. 2002), we examined the
occurrence of SBM in subtypes of human seroto-
nin receptors. Figure 10.1b shows the sequence
alignment of subtypes of human serotonin
receptors. Multiple alignments were carried out
with ClustalW using the serotonin1A receptor
sequence as reference. Interestingly, SBM was
found to be conserved in most of the serotonin
receptor subtypes analyzed (highlighted in blue in
Fig. 10.1b).

Previous work from our laboratory has
demonstrated the requirement of sphingomyelin
(Jafurulla et al. 2008; Singh and Chattopadhyay
2012) in regulating the function of the
serotonin1A receptor. The putative SBM
identified in the human serotonin1A receptor is
present in transmembrane helix V and comprises
of Tyr-205, Iso-206, Leu-209, Leu-210, and
Val-213 (see Figs. 10.1 and 10.2). Within SBM,
the β-branched residue Ile is found in position
206 in serotonin1A receptors (see Fig. 10.1).
These β-branched residues were shown to con-
tribute to interactions between transmembrane
helices (Senes et al. 2000) by providing additional
rigidity and thereby enhancing London dispersion
forces.

It is interesting to note that SBM in the
serotonin1A receptor exhibits partial overlap (spe-
cifically, in amino acid residues 209–213) with
the cholesterol recognition/interaction amino acid

Fig. 10.1 Sequence alignment of the predicted
sphingolipid-binding motifs in representative human
G protein-coupled receptors and serotonin receptor
subtypes. (a) SBM(s) in cholecystokinin, oxytocin,
serotonin1A, and secretin receptors are shown (highlighted
in blue). The numbers corresponding to the starting amino
acid position in the respective sequences are mentioned in
parentheses. (b) Multiple alignments of human serotonin
receptor subtypes were performed with ClustalW using
human serotonin1A receptor sequence as reference. The

putative SBM is shown in blue. The positions of amino
acid residues are marked in parentheses for various sero-
tonin receptor subtypes. A graphical representation
displaying the quality of alignment for serotonin receptor
subtypes, with lighter shades representing higher quality.
The amino acid sequences of the receptors were obtained
from NCBI database, and the protein accession numbers
are indicated in parentheses. See text and Methods for
more details
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consensus (CRAC) motif identified earlier by us
in transmembrane helix V (Jafurulla et al. 2011;
see Fig. 10.2). This observation assumes signifi-
cance in light of our previous results that showed
both cholesterol (Pucadyil and Chattopadhyay
2006; Paila and Chattopadhyay 2010; Jafurulla
and Chattopadhyay 2013) and sphingolipids
(Jafurulla and Chattopadhyay 2013, 2015) to be

essential for the function of the serotonin1A recep-
tor. Such overlapping interaction sites for choles-
terol and sphingomyelin in the serotonin1A
receptor could help in understanding the mode
of regulation of receptor function by these impor-
tant membrane lipids. Previous results from our
laboratory have shown the presence of a
sphingolipid-binding domain (SBD) in the

Fig. 10.2 A schematic representation of the membrane-
embedded human serotonin1A receptor showing its topo-
logical and other structural features. The membrane is
shown as a bilayer of phospholipids and cholesterol, rep-
resentative of typical eukaryotic membranes. The trans-
membrane helices of the receptor were predicted using the
program TMHMM2 (see Methods for details). Seven
transmembrane stretches, each composed of ~22 amino
acids, are depicted as putative α-helices. The putative

SBM in the transmembrane helix V is highlighted
(in yellow). The amino acids in the receptor sequence are
shown as circles. An enlarged representation of transmem-
brane helix V of the human serotonin1A receptor showing
the overlap of putative SBM highlighted in yellow and
CRAC highlighted in cyan in the transmembrane helix V
is shown. The common residues corresponding to both
SBM and CRAC are shown in a combination of yellow
and cyan. (Adapted and modified from Paila et al. 2009)
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serotonin1A receptor (Chattopadhyay et al. 2012)
that showed an overlap with the CRAC motif in
transmembrane helix II. We recently
demonstrated using coarse-grain molecular
dynamic simulations that GM1 (monosialotetra-
hexosylganglioside) predominantly interacts at
the extracellular loop 1 specifically at the pro-
posed SBD site of the serotonin1A receptor in a
cholesterol-dependent manner (Prasanna et al.
2016). These results provided better understand-
ing of the importance of such overlap of SBD and

CRAC motifs. With this background, we plan to
explore in our future studies the possible role of
SBM (identified in the present study) in the inter-
action of sphingomyelin with the serotonin1A
receptor and dependency of any such interaction
on membrane cholesterol.

We further explored the conservation of SBM
in the serotonin1A receptor over natural evolution.
For this, we examined the amino acid sequences
of the serotonin1A receptor from various
organisms across diverse phyla (see Fig. 10.3;

Fig. 10.3 Multiple alignment of putative SBM in the
serotonin1A receptor over various phyla across natural
evolution. The conserved signature sequence for SBM
(highlighted in blue) is (I/L/T/V)XX(I/L/T/V)(I/L/T/V)
XX(I/L/T/V)(F/W/Y) residues, where X represents any
of the 20 naturally occurring amino acids. As shown, the
putative SBM is conserved from fish to humans. The
numbers corresponding to the starting amino acid position

in the respective sequences are mentioned in parentheses.
Amino acid sequences of serotonin1A receptors are from
NCBI and ExPASy databases, and the protein accession
numbers are indicated in parentheses. A graphical repre-
sentation displaying the quality of alignment with lighter
shades representing higher quality is shown below. See
text and Methods for more details
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the position of the first amino acid in the align-
ment is denoted in parentheses). We analyzed the
amino acid sequences from various species that
belong to diverse taxa which include insects, fish,
amphibians, and extending up to mammals.
Figure 10.3a shows multiple sequence alignment
of the serotonin1A receptor from diverse phyla in
the region of the putative SBM with the
conserved amino acid residues highlighted. It is
evident from this sequence alignment that SBM
(Tyr-205, Iso-206, Leu-209, Leu-210, and
Val-213) identified in the serotonin1A receptor
of Homo sapiens (see Figs. 10.1 and 10.2) is
conserved in most species included in the study.
Initial sequence alignment performed using
ClustalW demonstrated that SBM is conserved
in the majority of species. Realignment with
ClustalW (after deleting the comparatively
diverse fractions from the sequence of the
serotonin1A receptor) displayed conservation of
SBM across various phyla studied (see
Fig. 10.3). These results therefore show that
SBM is conserved over natural evolution and
corresponds to an inherent characteristic attribute
of the serotonin1A receptor.

Sphingolipids are enriched in neural tissue and
play an important role in the metabolism, sur-
vival, and regeneration of the nervous system
(van Echten-Deckert and Herget 2006; Piccinini
et al. 2010). Regulation of neuronal sphingolipid
metabolism has been shown to be crucial, with
any deregulation resulting in severe neurodegen-
erative diseases (Zeidan and Hannun 2007;
Piccinini et al. 2010; Prinetti et al. 2011). For
example, sphingolipids have been shown to be
critical players in the pathogenesis of Alzheimer’s
disease (Ariga et al. 2008; van Echten-Deckert
and Walter 2012) and Parkinson’s disease
(Wu et al. 2012). In particular, deregulation of
sphingomyelin content has been reported in neu-
rological disorders such as Alzheimer’s disease,
schizophrenia, Parkinson’s disease, and
Niemann-Pick disease (Bienias et al. 2016). On
the other hand, it is interesting to note that imbal-
ance in serotonergic signaling is implicated in
Alzheimer’s disease, schizophrenia, Parkinson’s
disease, anxiety, and depression (Tan et al. 2011;
Wirth et al. 2017). Importantly, signaling

mediated by the serotonin1A receptor is shown
to be a crucial target in the pharmacotherapy of
schizophrenia and Parkinson’s disease
(Sumiyoshi et al. 2007; Haleem 2015). In view
of the reported role of serotonin1A receptors in
neurological disorders associated with deregula-
tion of sphingomyelin, along with our previous
results on role of sphingomyelin in the function of
the receptor (Jafurulla et al. 2008; Singh and
Chattopadhyay 2012), SBM identified in
serotonin1A receptors assumes greater relevance.

Recent advancements in GPCR-lipid interac-
tion have improved our overall understanding of
GPCR function in the context of human physiol-
ogy. Although pharmacological and signaling
aspects of GPCRs have been studied in detail,
features highlighting their interaction with mem-
brane lipids such as sphingolipids and cholesterol
are recently beginning to be addressed. Our pres-
ent results, along with previous observations by
us and others, could therefore help to understand
the molecular basis of the observed role of
sphingolipids in the function of GPCRs in general
and the serotonin1A receptor in particular. In sum-
mary, these results could prove to be useful in
understanding malfunctioning of GPCRs in neu-
rodegenerative disorders involving sphingolipids.
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Abstract

The interaction of G protein-coupled receptors
(GPCRs) with cholesterol is a hallmark of their
function, organization, and structural dynam-
ics. Several cholesterol interaction sites, such
as the cholesterol recognition amino acid con-
sensus (CRAC) and cholesterol consensus
motif (CCM), have been mapped from crystal-
lography, bioinformatics, and simulation stud-
ies. In this article, we characterize common
descriptors for cholesterol interaction sites in
the serotonin1A receptor from a series of
coarse-grain simulations. We have identified
a novel interaction mode for cholesterol in
which the cholesterol polar headgroup
interacts with aromatic amino acid residues,
such as tryptophan and tyrosine. The choles-
terol rings interact with both aromatic residues
and nonpolar residues, thereby constituting a
signature aromatic interaction site. In addition,
we report a similar binding mode in the crystal

structures of the serotonin2B receptor,
suggesting that this binding mode could be a
general feature of the serotonin receptor fam-
ily. Interestingly, this signature aromatic inter-
action site is present along with one of the
CRAC motifs in the serotonin1A receptor.
Our results represent an important step toward
mapping out the diversity of cholesterol-
GPCR interaction sites.

Keywords

GPCR · MARTINI coarse-grain simulation ·
Signature aromatic cholesterol interaction
site · Serotonin receptors · Cholesterol
interaction site · Cholesterol occupancy

11.1 Introduction

G protein-coupled receptors (GPCRs) represent a
unique class of membrane proteins that mediate
multiple physiological processes (Pierce et al.
2002; Rosenbaum et al. 2009). These receptors
are comprised of a conserved topology of seven
transmembrane helices interconnected by extra-
cellular and intracellular loops (Venkatakrishnan
et al. 2013). Ligands such as neurotransmitters
and hormones bind to these receptors and trans-
duce signals inside the cell (Pierce et al. 2002;
Rosenbaum et al. 2009). An important feature of
GPCR functional dynamics is the effect of mem-
brane composition on receptor structure and
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function (Chattopadhyay 2014). For instance,
membrane cholesterol has been shown to modu-
late the structure and function of several GPCRs
in a context-dependent fashion (Burger et al.
2000; Pucadyil and Chattopadhyay 2006; Paila
and Chattopadhyay 2010; Oates and Watts
2011). To exert its effect on receptor function,
cholesterol has been suggested to act by both
direct interactions with the receptor and/or indi-
rectly by modulating membrane properties (Paila
and Chattopadhyay 2009). Interestingly, the crys-
tal structures of several GPCRs, such as β2-adren-
ergic receptor (Hanson et al. 2008), adenosine2A
receptor (Liu et al. 2012), and serotonin2B recep-
tor (Wacker et al. 2013), have been able to resolve
bound cholesterol molecules, suggesting a direct
effect. Similarly, direct interactions of cholesterol
have been observed in simulations of several
GPCRs (Lee and Lyman 2012; Cang et al. 2013;
Prasanna et al. 2014).

One of the most comprehensive cholesterol
dependencies has been reported in the
serotonin1A receptor, a representative GPCR that
is abundant in the hippocampal region of the
brain (Chattopadhyay 2014). It is activated by
serotonin (a neurotransmitter) and plays a key
role in physiological responses such as anxiety,
depression, and mood (Pucadyil et al. 2005;
Kalipatnapu and Chattopadhyay 2007; Lacivita
et al. 2008; Fiorino et al. 2014). We have previ-
ously shown that depletion of cholesterol affects
the stability, function, and dynamics of the
serotonin1A receptor (Pucadyil and
Chattopadhyay 2004, 2007; Saxena and
Chattopadhyay 2011, 2012; Jafurulla and
Chattopadhyay 2013). In addition, cholesterol
was observed to modulate receptor organization
by modulating the population of the different
oligomers (Ganguly et al. 2011; Paila et al.
2011a; Chakraborty et al. 2018). To dissect the
molecular basis of these cholesterol effects,
molecular dynamics simulations were performed
using both atomistic and coarse-grain force fields
(Sengupta and Chattopadhyay 2012; Patra et al.
2015; Prasanna et al. 2016). We were able to
distinguish direct interactions of cholesterol with
the receptor at certain “hot spots”. From a series
of coarse-grain and atomistic simulations, we

have identified multiple cholesterol interaction
sites with an occupancy time of nanoseconds to
microseconds (Sengupta and Chattopadhyay
2012; Patra et al. 2015; Prasanna et al. 2016).
Indirect effects related to membrane thickness
changes in the bulk membrane as well as around
the receptor have been observed, but their signifi-
cance is yet to be fully analyzed (Prasanna et al.
2016).

In order to understand the nature of direct
GPCR-cholesterol interactions, several choles-
terol binding motifs have been reported in
GPCRs (Rouviere et al. 2017). These include
the cholesterol consensus motif (CCM) (Hanson
et al. 2008) and the cholesterol recognition amino
acid consensus (CRAC) motif (Jafurulla et al.
2011). The presence of the CCM site was earlier
reported in crystal structure of β2-adrenergic
receptor (Hanson et al. 2008). The motif is
located between transmembrane helices II and
IV and consists of a charged residue R or K
followed by W-Y, I-L-V and F-Y residues. An
important motif that we previously characterized
in GPCRs is the CRAC motif, comprising of
hydrophobic and aromatic residues followed by
a charged residue (arginine or lysine) (Jafurulla
et al. 2011). The CRAC motif is defined by the
presence of the pattern –L/V-(X)1–5-Y-(X)1–5-R/
K-, in which (X)1–5 represents between one and
five residues of any amino acid. This motif is
present on the transmembrane region of the
helix V of the serotonin1A receptor (along with
transmembrane regions of helix II and VII). A
mirror image of the CRAC motif, known as the
CARC motif, has also been reported. In this
motif, the terminal residues of the CRAC motif
are reversed, with K/R on the N-terminus and L/V
on the C-terminus of the helix (Baier et al. 2011).
The CRAC and CARC sites have been mainly
identified from bioinformatics and molecular
dynamics studies and are yet to be experimentally
validated. In all reported cholesterol sites, the
hydroxyl group of cholesterol interacts with a
charged amino acid residue. Despite these struc-
tural and sequence cholesterol motifs, not all
crystallographically resolved sites or those
identified from molecular dynamics simulations
have been characterized. For instance, we have
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identified several cholesterol interaction sites in
the serotonin1A receptor (Sengupta and
Chattopadhyay 2012; Prasanna et al. 2016), only
one of which correlates to a CRAC site. Other
sites that were observed in simulations remain
uncharacterized, and the need arises to determine
the molecular signatures of these sites.

In this work, we have identified common
descriptors of cholesterol dynamics in the
serotonin1A receptor using coarse-grain
simulations. The work extends from our previous
work in which we have analyzed the effect of
cholesterol on receptor dimerization (Prasanna
et al. 2016). We have performed ten simulations
of the receptor embedded in POPC/cholesterol
bilayers with 30% cholesterol, as a representative
model membrane for eukaryotic cell membranes.
In order to extract common features of cholesterol
binding, we have calculated the interaction
propensities of different parts of the cholesterol
molecule (such as hydroxyl group and sterol ring)
and have determined a pattern of amino acids that
are preferred by each coarse-grain bead of choles-
terol molecule. A new interaction mode in which
the cholesterol headgroup interacts with an aro-
matic residue is discussed. These results would
contribute to our overall understanding of
cholesterol-GPCR interaction.

11.2 Methods

System Setup: The homology model of the
serotonin1A receptor was taken from our previous
work (Paila et al. 2011b; Sengupta and
Chattopadhyay 2012; Prasanna et al. 2016). This
model was built based on the crystal structure of
the β2-adrenergic receptor (PDB: 2RH1;
Cherezov et al. 2007) and template sequence of
the serotonin1A receptor. The receptor monomer
was embedded in a pre-equilibrated POPC/cho-
lesterol bilayer with 30% cholesterol. The aver-
age cholesterol concentration in a eukaryotic cell
is about 30% (Van Meer and de Kroon 2011).
Simulations were performed with the MARTINI
coarse-grain force field (Marrink et al. 2007;
Monticelli et al. 2008) using the GROMACS
simulation package (Van Der Spoel et al. 2005).

Ten replicates of this system were simulated for
10 μs each. The temperature coupling was carried
out using v-rescale thermostat at 300 K for each
component of the system separately, with a cou-
pling constant of 0.1 ps (Bussi et al. 2007). Pres-
sure was maintained at 1 bar semi-isotropically in
the plane of the bilayer and perpendicular to the
bilayer using the Berendsen barostat, with a cou-
pling constant of 0.5 ps and a compressibility of
3 � 10�5 bar�1 (Berendsen et al. 1984). A time
step of 20 fs was used (Marrink et al. 2007).

Analysis: The maximum occupancy time was
calculated as the maximum time a cholesterol
molecule is bound at a specific location during
the course of simulation (Sengupta and
Chattopadhyay 2012). The MARTINI model for
cholesterol consists of eight beads, with a ROH
bead mapping to the hydroxyl group, R1–R5
beads modeling the rings, and C1 and C2
representing the aliphatic tail. For each of these
beads, the residue-wise-specific occupancy was
calculated using a cutoff of 0.6 nm. For each of
the 20 amino acids, occupancy was calculated as
the maximum occupancy time for cholesterol
around a given residue type and normalized to
the number of instances it appears in the receptor.
The occupancy time for each amino acid was
averaged and normalized across ten sets of
simulations. The maximum occupancy time for
cholesterol around transmembrane region of each
helix was calculated as described earlier
(Prasanna et al. 2016). The transmembrane
domain was divided into the upper (extracellular)
or lower (intracellular) leaflets depending on its
location in the bilayer. Representative images of
the cholesterol binding modes were rendered with
VMD (Humphrey et al. 1996).

11.3 Results

A series of coarse-grain simulations were
performed with the serotonin1A receptor mono-
mer embedded in POPC/cholesterol bilayers with
30% cholesterol. To map out the common
descriptors of cholesterol interaction sites, we
calculated the interactions of cholesterol beads
with each amino acid residue. As described in
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the Methods section, the coarse-grain model for
cholesterol consists of eight beads, with a ROH
bead mapping to the hydroxyl group, R1–R5
beads modeling the rings, and C1 and C2
representing the aliphatic tail. From the residue-
wise occupancies, we estimated the binding pro-
pensity of cholesterol to each amino acid residue
type. Using this approach, we have been able to
identify the molecular signatures of a novel cho-
lesterol binding mode.

11.3.1 Common Descriptors
for Cholesterol Interaction Sites

The maximum occupancy time of cholesterol
(considering each coarse-grain bead of choles-
terol individually) was calculated for each residue
in the serotonin1A receptor. The values were aver-
aged for each residue type and normalized by the
frequency of that particular amino acid. The
normalized occupancy time for each of the cho-
lesterol beads is shown in Fig. 11.1. The polar
ROH bead of cholesterol (representing the
hydroxyl group) is observed to mainly interact
with the aromatic amino acids Y, W, and F (max-
imum occupancy �60%). The positively charged
amino acid R exhibits a lower interaction
(60% � maximum occupancy �50%). This is
surprising since all known cholesterol binding
motifs involve a positively charged residue such
as R or K interacting with the polar headgroup.
Further, the ROH bead is observed to interact
with almost all residues (but with a low occu-
pancy), indicating high dynamics.

The coarse-grain beads, R1–R5, represent the
sterol rings in cholesterol. These beads show a
high interaction with the residues L and
M. However the ring beads closer to the polar
headgroup (R1 and R2) also show high
interactions with the aromatic residues similar to
the ROH bead. Interestingly, the R2 and R4 beads
map to the “smooth” face of the cholesterol but
are nonetheless seen to interact strongly with the
receptor. We believe that it represents a limitation
of the coarse-grain model since the methyl groups
on the cholesterol ring are difficult to represent in
such a mapping. The hydrocarbon tail of the

cholesterol molecule is mapped to two coarse-
grain beads, C1 and C2. These beads show a
strong interaction with several residues including
the aromatic residues and the nonpolar residues, L
and I.

Based on the residue-wise occupancies, we
propose a new descriptor for cholesterol
interactions in the serotonin1A receptor. A sche-
matic representation of these amino acid
descriptors is shown in Fig. 11.2. The residues
showing a high occupancy time for each choles-
terol bead (� 50%) are considered, and the height
of the residue in the schematic depicts the relative
value of the occupancy times. The most common
residues that interact with the polar group of
cholesterol are the aromatic residues, while the
remaining beads show increased association with
nonpolar residues. We would like to point out that
these residue descriptors represent a spatial pat-
tern of these residues, rather than sequence motif.
The signature aromatic binding mode is easily dis-
tinguished in the figure and represents a previously
uncharacterized interaction site that could have
implications for cholesterol-receptor interactions.

11.3.2 The Signature Aromatic
Binding Mode
in the Serotonin1A Receptor

In the next step, we evaluated cholesterol
interactions at the receptor in order to map these
descriptors to individual cholesterol interaction
sites. To identify the individual sites with high
cholesterol occupancy, the maximum occupancy
time was calculated for each helix in the upper
and lower leaflets, considering cholesterol as a
whole (Fig. 11.3). The values match well to our
previous reports (Sengupta and Chattopadhyay
2012; Prasanna et al. 2016), despite the high
stochasticity in the interaction sites. As expected,
a large occupancy is observed at transmembrane
helix V, which contains the CRAC site. However,
multiple other sites are mapped as well, similar to
our previous work (Sengupta and Chattopadhyay
2012; Prasanna et al. 2016). In the upper leaflet,
we observe the highest occupancy time for the
cholesterol around transmembrane helices IV and
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VI. In the lower leaflet, the maximum cholesterol
occupancy was observed around transmembrane
helices I, IV, and V.

We mapped four of these high occupancy cho-
lesterol sites to the signature aromatic binding
mode. A schematic representation of these four

Fig. 11.1 Maximum occupancy time of each cholesterol
bead at each residue type in the serotonin1A receptor,
averaged and normalized over simulation time and number
of residues. A value of 1 indicates that the cholesterol bead

is always present at that site, and a value of 0 indicates that
there are no interactions during the simulation. See
Methods for more details
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sites is shown in Fig. 11.4. The top panel
represents the binding mode present in the upper
leaflet of the membrane (transmembrane helices
IV and VI) and the lower panel the binding mode
in the lower leaflet (transmembrane helices I and
V). The four sites are quite varied in their
sequence and structure, although all interact

with the cholesterol headgroup via an aromatic
residue. Interestingly, in transmembrane helix V,
the signature aromatic site lies next to the previ-
ously identified CRAC site. The fast cholesterol
dynamics coupled with site hopping had previ-
ously made it difficult to identify the signature
aromatic residue binding mode. At the site

Fig. 11.2 A schematic representation of the amino acid
preferences for each bead of cholesterol molecule. Only
the residues showing a high occupancy time for each
cholesterol bead (� 50%) are considered (see Fig. 11.1),
and the height and color of the residue in the schematic
depict the relative order of the occupancies. For instance,

residues W and Y with a high occupancy at cholesterol
headgroup are shown as the largest and darkest alphabet.
The cholesterol molecule is shown in green with the
underlying coarse-grain mapping scheme, and the
headgroup bead (ROH) is colored orange. See Methods
for more details

Fig. 11.3 Maximum
occupancy time of
cholesterol molecule
around the serotonin1A
receptor that are averaged
and normalized over ten
sets of simulations. The
occupancy time is shown
for the transmembrane
helices corresponding to the
extracellular or upper (light
blue) and intracellular or
lower (dark blue) leaflets
separately
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Fig. 11.4 Representative snapshots of cholesterol inter-
action with the serotonin1A receptor at the signature aro-
matic binding modes observed in simulations. The top
panel represents the binding mode present in the upper
leaflet of the membrane (transmembrane helices IV and
VI) and the lower panel the binding mode in the lower

leaflet (transmembrane helices I and V). The transmem-
brane helix and the main interacting residues are shown in
blue and the remaining part of the receptor in gray. The
cholesterol molecules are shown in green, and the
headgroup bead (ROH) is colored orange
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corresponding to transmembrane helix I, the aro-
matic residue is actually a part of the extracellular
loop and not of transmembrane helix I. Due to the
presence of multiple aromatic residues in trans-
membrane helix IV, the cholesterol molecule can
adopt horizontal conformations. As a result, this
binding mode of cholesterol cannot be mapped to
a single sequence motif but represents a spatial
pattern of residues. Overall, the signature aro-
matic binding mode occurs at multiple sites on
the serotonin1A receptor and represents a novel
cholesterol binding mode.

11.3.3 A Common Binding Mode
for Serotonin Receptors

To analyze whether the signature aromatic bind-
ing mode is a general cholesterol binding mode,
we analyzed the crystal structures of the serotonin
receptor family. Two crystal structures of the
serotonin2B receptor (PDB ID: 4IB4 and 5TVN)
were resolved along with bound cholesterol (see
Fig. 11.5). In both these structures, a cholesterol
molecule is observed to interact at transmembrane
helix I of the receptor. However, hydroxyl group
is oriented toward the residue Y399 on helix VIII.
In a similar site in the serotonin1A receptor, the
aromatic residue was present on intracellular loop
1. The aliphatic amino acids L and I on transmem-
brane helix I interact with the sterol rings of
cholesterol. The two binding modes in the crystal
structures differ in the orientation of cholesterol,
confirming the dynamics of cholesterol at these
interaction sites. Taken together, the data
suggests that cholesterol could interact with the
serotonin receptor family by a signature aromatic
binding mode. This signature binding mode does
not represent an exclusive site but is present
together with previously identified motifs such
as the CRAC motif.

11.4 Discussion

The identification of cholesterol interaction sites
has received attention due to the central role of
cholesterol in the function and structural

dynamics of GPCRs. The crystal structure of the
β2-adrenergic receptor revealed a cholesterol
bound at the cleft of transmembrane helices II
and IV that was named the CCM motif (Hanson
et al. 2008). Another cholesterol binding site, the
CRAC motif was identified in the serotonin1A
receptor based on similarity to other cholesterol
binding proteins (Jafurulla et al. 2011). In addi-
tion, molecular dynamics simulations using both
atomistic and coarse-grain force fields were able
to identify multiple cholesterol interaction sites
on several GPCRs (Lee and Lyman 2012;
Sengupta and Chattopadhyay 2012; Cang et al.
2013; Prasanna et al. 2014, 2016; Patra et al.
2015). Although cholesterol has been found to
be associated with several GPCRs in their crystal
structures, the mapping of the location of choles-
terol molecules in these crystal structures to pro-
posed cholesterol binding motifs has proved to be
less than straightforward. We identify here a sig-
nature aromatic cholesterol interaction mode, in
which the headgroup of the cholesterol molecule
interacts with an aromatic residue. This interac-
tion mode is observed in serotonin1A and
serotonin2B receptors and could represent a com-
mon signature in the serotonin receptor family.

An interesting observation from our work is
that cholesterol is highly dynamic when
interacting at the signature aromatic binding
mode. It is possible that this interaction mode
represents a site with less favorable interaction
energy but is entropically favored due to the
high site dynamics. In one of the binding modes
identified here (on transmembrane helix IV), cho-
lesterol adopts an orientation parallel to the mem-
brane surface, reminiscent of a site identified in
the β2-adrenergic receptor (Prasanna et al. 2014).
Further analysis is required to determine whether
this signature interaction mode is specific to the
serotonin receptor family or could be generalized
to other GPCRs. In general, this binding mode of
cholesterol cannot be mapped to a single
sequence motif but represents a spatial pattern of
residues. To comprehensively map these choles-
terol determinants into a spatial 3D motif, we
would require to identify more such sites from
the serotonin receptor family and other related
GPCRs.
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In conclusion, we propose a new signature
cholesterol binding mode in which the cholesterol
headgroup interacts with an aromatic residue.
Increased cholesterol dynamics is observed at
this site and could be related to reduced interac-
tion energy but an entropically favorable site. The
molecular signatures of cholesterol interaction
with receptors represent an important step in our
overall understanding of GPCR function in health
and disease.
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Group I Metabotropic Glutamate
Receptors (mGluRs): Ins and Outs 12
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Abstract

Glutamate is a nonessential amino acid, known
to act as a major excitatory neurotransmitter in
the central nervous system. Glutamate
transduces its signal by activating two types
of receptors, viz., ionotropic glutamate
receptors and metabotropic glutamate
receptors (mGluRs). mGluR1 and mGluR5
are members of the group I mGluR family,
and they belong to the G-protein-coupled
receptor (GPCR) family. These receptors are
involved in various forms of synaptic plastic-
ity including learning and memory. Similar to
many other GPCRs, trafficking plays a critical
role in controlling the spatiotemporal localiza-
tion of these receptors on the cell surface,
which is critical for the normal ligand/receptor
interaction. Improper targeting of GPCRs
results in aberrant signaling, which often
leads to various diseases. Trafficking also
regulates the activity of these receptors. Thus,
inappropriate trafficking of these receptors
might have pathological consequences.

Group I mGluRs have been implicated in vari-
ous neuropsychiatric disorders like Fragile X
syndrome, autism, etc. In this review, we dis-
cuss the current understanding of group I
mGluR trafficking in the central nervous sys-
tem and its physiological importance.

Keywords

Endocytosis · Trafficking · Desensitization ·
Receptor recycling · GPCR · Metabotropic
glutamate receptors · Neurotransmitter
receptors

12.1 Introduction

Glutamate is a major excitatory neurotransmitter
in the central nervous system (CNS), and in addi-
tion to the ionotropic glutamate receptors, it also
acts through metabotropic glutamate receptors
(mGluRs) present at the postsynaptic membrane
(Pin and Duvoisin 1995). Metabotropic glutamate
receptors (mGluRs) are members of class C G-
protein-coupled receptor (GPCR) family
(Bhattacharyya 2016; Conn and Pin 1997; Pin
and Duvoisin 1995). mGluRs have been
subdivided into three classes based on the
sequence similarity, the pharmacology, and the
second messenger pathways that they are coupled
to (Dhami and Ferguson 2006). Among these
three groups, group I has two members,
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mGluR1 and mGluR5, and they are primarily
localized at the postsynaptic sites (Baude et al.
1993; Shigemoto et al. 1993). These receptors are
predominantly positively coupled to Gαq/11, lead-
ing to the generation of diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3), which ulti-
mately activates protein kinase C (PKC) (Conn
and Pin 1997; Kim et al. 2008). In addition to
neurons, glial cells also express mGluRs, where
they play various important roles including glia-
neuron communication, neuroprotection, etc.
(Winder and Conn 1996; Yao et al. 2005).
Group I mGluRs play crucial roles in multiple
forms of synaptic plasticity, including learning
and memory (Citri and Malenka 2008; Gladding
et al. 2009). Furthermore, these receptors have
also been implicated in various neuropsychiatric
disorders like Fragile X syndrome, schizophrenia,
autism, etc. (Bear et al. 2004; Dolen et al. 2007;
Ronesi and Huber 2008).

Work done in the last few years has
established that many GPCRs are quite mobile
and intracellular trafficking of these receptors
not only controls the spatiotemporal localization
of the receptor; it also plays an important role in
the regulation of the activity of these receptors
(Drake et al. 2006; Ferguson 2001; Hanyaloglu
and von Zastrow 2008). The accurate location of
these receptors at specific region of the neuron is a
must for the normal signaling of these receptors,
and intracellular trafficking plays vital role in
controlling this localization. Inaccurate targeting
of the receptor might result in improper signaling
with pathological consequences. Many GPCRs,
subsequent to the activation of the second mes-
senger pathway, get desensitized. Desensitization
is a negative feedback mechanism that protects
the receptor from chronic overstimulation
(Ferguson 2001; Kelly et al. 2008; Krupnick and
Benovic 1998). Uncoupling of the receptor from
the G-protein involved leads to the desensitiza-
tion of the receptor. The cellular and molecular
mechanisms of the desensitization process of sev-
eral GPCRs have been studied in detail.
Subsequent to desensitization, many GPCRs
undergo internalization via various pathways,
and this internalization plays an important role
in the resensitization/downregulation of those

receptors (Drake et al. 2006; Gaborik and
Hunyady 2004). Despite this obvious signifi-
cance, currently the understanding of the protein
machineries that control these trafficking events
and the physiological significance of these events
is very limited. Work done in the last 10–15 years
has also taught us that GPCRs are unique and a
widely studied GPCR, like β-adrenergic receptor,
may not serve as a model system. If one needs to
understand a GPCR, that particular receptor has
to be studied. Similar to many other GPCRs,
activation of group I mGluRs also triggers a vari-
ety of cellular responses, viz., receptor desensiti-
zation and internalization that might lead to
resensitization of the receptor (Bhattacharyya
2016; Mahato et al. 2015; Pandey et al. 2014).
In this review, we have focused on the regulation
of group I mGluRs in the CNS and its physiolog-
ical significance.

12.2 Group I mGluR Signaling
and Desensitization

Group I mGluRs show differential expression
throughout the CNS. For example, mGluR1 is
highly expressed in the olfactory bulb, cerebel-
lum, thalamus, CA3 region of the hippocampus,
lateral septum, substantia nigra, and globus
pallidus (Shigemoto et al. 1992). On the other
hand, mGluR5 is present in the CA1 and CA3
region of the hippocampus, cerebral cortex, stria-
tum, nucleus accumbens, lateral septal nucleus,
and granule cells of the olfactory bulb
(Shigemoto et al. 1993). Suggestions have been
made that expression of group I mGluRs varies
with the brain development. mGluR5a expression
shows a gradual increase in the developing cortex
and reaches the peak during the second postnatal
week in rodents and then gradually decreases,
whereas mGluR5b expression pattern shows
increase postnatally, and in adults, this is the
most prominent form of mGluR5 (Catania et al.
1994; Minakami et al. 1995; Romano et al. 1996).
On the other hand, expression of mGluR1
increases steadily in the hippocampus and neo-
cortex during development (Catania et al. 1994).
This differential expression of the two subtypes of
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group I mGluRs shows a strong correlation with
the differential regulation of hippocampal
neurons (Mannaioni et al. 2001). Many other
studies have also suggested that the distribution
of group I mGluRs in the brain regions correlates
well with their functions. In the CNS, these
receptors are predominantly localized at the
peri-synaptic zone of the postsynaptic neurons
(Lujan et al. 1996; Luscher and Huber 2010).

Group I mGluRs are positively coupled to the
inositol 1,4,5-trisphosphate (IP3)-diacylglycerol
(DAG) pathway through Gαq/11 and phospholi-
pase C (PLC) (Abdul-Ghani et al. 1996; Dhami
and Ferguson 2006). Upon ligand binding, the
receptor undergoes a conformational change,
which in turn activates the G-protein involved,
and, subsequently, the activation of phospholi-
pase C (PLC). PLC cleaves phosphatidylinositol
4, 5-bisphosphate (PIP2) into inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG).
IP3 binds to IP3 receptors at the endoplasmic
reticulum (ER) membrane leading to the release
of Ca2+ from the intracellular stores. DAG and
Ca2+ together activate protein kinase C (PKC).
Subsequently, activated PKC phosphorylates its
substrates, which in turn regulates a variety of
physiological processes (Gerber et al. 2007;
Niswender and Conn 2010; Wang and Zhuo
2012). These receptors could also couple to
other types of G-proteins apart from Gαq/11, in
different cell types under different circumstances
(Aramori and Nakanishi 1992; Gerber et al.
2007). In hippocampal cells and cultured cortical
glial cells, activation of the group I mGluRs
activates the MAP kinase pathway, which has
been reported to be involved in the mGluR-
dependent synaptic plasticity in pyramidal hippo-
campal neurons (Gallagher et al. 2004; Gerber
et al. 2007; Peavy and Conn 1998).

Like many other GPCRs, group I mGluRs get
desensitized upon agonist stimulation (Dhami
and Ferguson 2006; Francesconi and Duvoisin
2000; Gereau and Heinemann 1998). Prolonged
or repeated ligand exposure results in decreased
sensitivity of the receptor toward the ligand, and
this phenomenon is called “desensitization” of the
receptor. Desensitization is believed to be an
important physiological feedback mechanism

adopted by the cells to prevent themselves from
chronic or acute receptor overstimulation. Addi-
tionally, GPCR desensitization also filters infor-
mation from multiple receptor inputs into an
integrated and meaningful biological signal
(Ferguson 2001; Kelly et al. 2008; Krupnick and
Benovic 1998). One of the posttranslational
modifications that plays a crucial role in the
desensitization of group I mGluRs is phosphory-
lation. For example, PKC plays a crucial role in
the desensitization of group I mGluRs
(Francesconi and Duvoisin 2000; Gereau and
Heinemann 1998). PKC-dependent phosphoryla-
tion of mGluR1a and mGluR1b leads to the
desensitization of respective receptors. PKC has
also been reported to phosphorylate multiple ser-
ine/threonine residues present in the intracellular
carboxy-terminal tail of mGluR5 and initiates the
desensitization process (Gereau and Heinemann
1998). In contrast to the above results, another
protein kinase, viz., PKA, has been reported to
inhibit the desensitization of mGluR1. Phosphor-
ylation by PKA results in the uncoupling of
adapter proteins, which in turn inhibits the inter-
nalization of the receptors (Francesconi and
Duvoisin 2000). The G-protein-coupled receptor
kinases (GRKs) also play crucial roles in the
desensitization of group I mGluRs. For example,
GRK4 has been implicated in mGluR1 desensiti-
zation in cerebellar Purkinje cells, whereas desen-
sitization of mGluR5 seems to be GRK4-
independent (Iacovelli et al. 2003; Sorensen and
Conn 2003). The other GRK, viz., GRK2,
desensitizes both mGluR1 and mGluR5 in
phosphorylation-dependent as well as
phosphorylation-independent mechanisms (Dale
et al. 2000; Dhami et al. 2002; Ferguson et al.
1996; Ribeiro et al. 2009). The phosphorylation
of various residues by GRKs is recognized by
arrestin group of proteins, which uncouple the
G-proteins from the receptor, leading to the
desensitization of the receptor (Lefkowitz and
Shenoy 2005). Furthermore, the interaction of
group I mGluRs with Huntington binding protein
optineurin restrains their coupling with
G-proteins to PLC/IP3 pathway resulting in
phosphorylation-independent desensitization of
group I mGluRs (Dhami and Ferguson 2006).
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The mGluR activity can also be attenuated at the
level of G-proteins by the regulators of G-protein
signaling (RGS). RGS proteins can cease
G-protein signaling following agonist stimulation
by acting as GTPase-activating proteins (GAPs).
They catalyze the hydrolysis of GTP bound to the
Gα subunit of heterotrimeric G-proteins, leading
to their inactivation. Among them, RGS2 and
RGS4 associate with Gαq/11 proteins to attenuate
group I mGluR-mediated PLC/IP3 signaling path-
way (Dhami and Ferguson 2006).

12.3 Trafficking of Group I mGluRs:
Agonist-Dependent
and Agonist-Independent

Proper spatiotemporal localization of G-protein-
coupled receptors (GPCRs) is necessary for nor-
mal interaction of ligand to the receptor and
appropriate signaling through the receptor. Traf-
ficking plays a crucial role in controlling the
localization of the receptor in a specific region
of the cell. It also regulates the activity of the
receptor. Improper trafficking of the receptor
could result in abnormal signaling which often
has serious pathological consequences. GPCRs
show remarkable variability in the purpose of
endocytosis, the endocytic mechanisms, and the
fate of the internalized receptor subsequent to the
endocytosis. All these processes depend on the
type of the receptor, the ligand, and the system.
GPCRs internalize by three principal pathways:
(a) arrestin and dynamin-dependent endocytosis;
(b) arrestin-independent and dynamin-dependent
endocytosis; and (c) arrestin and dynamin-
independent endocytosis (Drake et al. 2006).
Arrestin and dynamin-dependent endocytic path-
way was initially thought to be the model path-
way for endocytosis of GPCRs. According to this
model, arrestin protein interacts with the receptor
and uncouples the receptor from the G-protein
involved. Arrestin also acts as a scaffold protein
and recruits AP2 adaptor protein and clathrin to
form clathrin-coated pits. Subsequently, the Rab
GTPase, dynamin interacts with the complex and
induces the neck formation of the coated pits, and
clathrin-coated vesicles are formed (Claing et al.

2002; Drake et al. 2006; Luttrell and Lefkowitz
2002). Following this, the receptors either recycle
back to the cell surface or enter the lysosome for
degradation (Drake et al. 2006; Ferguson 2001;
Gaborik and Hunyady 2004). It has been reported
that some GPCRs internalize via arrestin-
independent and dynamin-dependent pathway.
For example, overexpression of dominant-
negative dynamin inhibited 5-HT2A receptor
(serotonin 2A receptor) endocytosis, but
overexpression of dominant-negative arrestin did
not affect this process (Bhatnagar et al. 2001).
Arrestin and dynamin-independent endocytosis
has also been reported in case of angiotensin II
AT1A receptor (Zhang et al. 1996). Moreover, a
particular receptor might get internalized via dif-
ferent mechanisms depending on the phosphory-
lation status of the receptor and the cellular
background. For example, β1-adrenergic receptor
internalizes via clathrin-coated pits upon
GRK-mediated phosphorylation, but
PKA-dependent phosphorylation of the receptor
leads to the caveolin-mediated internalization of
the same receptor (Rapacciuolo et al. 2003).
Many GPCRs get internalized in a
phosphorylation-independent manner as well
(Black et al. 2016). Ubiquitination of some
GPCRs seems to be critical for the endocytosis
of those receptors (Hicke and Riezman 1996;
Marchese and Benovic 2001; Shenoy et al.
2001; Terrell et al. 1998). Work done in the last
few years has suggested that GPCRs are unique
and a widely studied particular receptor may not
serve as a model system.

Due to the intense research in the past few
decades, our understanding of the biological
importance of GPCR endocytosis has expanded
rapidly. Initially, the endocytosis of GPCRs was
believed to be the primary mechanism for the
desensitization of the receptors, since internaliza-
tion physically separates the receptors from the
G-proteins (Ferguson 2001; Sibley and Lefkowitz
1985). However, this hypothesis was challenged
by the following observations: (1) for many
receptors, the receptor desensitization proceeds
more rapidly than the endocytosis of the receptor,
and (2) desensitization profile of the β2-adrener-
gic receptor remained unaltered even after
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blocking the endocytosis by various pharmaco-
logical and chemical inhibitors (Ferguson 2001;
Pippig et al. 1995; Yu et al. 1993). These
observations together suggested that for many
receptors, internalization is vital for the
resensitization and downregulation of the recep-
tor. The idea that internalization is a prerequisite
for the receptor resensitization came from several
observations: (1) β2-adrenergic receptors isolated
from the light endosomal fractions were less
phosphorylated than the receptors isolated from
the plasma membrane fraction (Sibley and
Lefkowitz 1985), (2) the endosomal fractions
were found to be enriched in GPCR-specific
phosphatase activity (Pitcher et al. 1995; Sibley
and Lefkowitz 1985), (3) resensitization of the
GPCRs was blocked upon inhibition of the endo-
cytosis using pharmacological and chemical
inhibitors (Garland et al. 1996; Pippig et al.
1995), and (4) internalization-defective mutants
were not able to resensitize although their signal-
ing and desensitization properties were intact
(Barak et al. 1994). Thus, for many GPCRs,
endocytosis is necessary for their resensitization
process. For many receptors, internalization is
necessary for the downregulation of those
receptors (Drake et al. 2006; Gaborik and
Hunyady 2004).

Group I mGluRs also undergo ligand-
mediated internalization following the desensiti-
zation step (Bhattacharyya 2016; Gulia et al.
2017; Mahato et al. 2015; Pandey et al. 2014).
Both members of group I mGluRs, viz., mGluR1
and mGluR5, show rapid internalization upon
ligand exposure. The ligand-mediated internaliza-
tion of these receptors is arrestin and dynamin-
dependent (Mundell et al. 2001). Moreover, the
internalization of these receptors was observed to
be dependent on the ubiquitination of the receptor
(Gulia et al. 2017). K63-linked polyubiqui-
tination seems to be involved in the internaliza-
tion of these receptors. Importantly, the lysine
residue at the 1112 position of the C-terminal
tail of mGluR1 has been reported to be critical
for the endocytosis of the receptor. The E3
ubiquitin ligase, Siah-1A is involved in this pro-
cess. Acute knockdown of this ligase resulted in
complete inhibition of the ligand-mediated

internalization of mGluR1. Interestingly, the
cells in which Siah-1A was knocked down
showed enhanced mGluR-mediated AMPAR
endocytosis, which is the cellular correlate for
mGluR-LTD. Understanding the mechanisms of
mGluR-mediated AMPAR trafficking is currently
a major attractive area of study because mGluR-
LTD has been reported to be altered in various
neuropsychiatric disorders, such as autism and
Fragile X syndrome. Both second messenger-
dependent protein kinases and GRK-mediated
phosphorylation have been implicated in the
endocytosis of group I mGluRs. The internaliza-
tion of group I mGluRs has been reported to be
PKC-dependent. In case of mGluR1, the region
that is responsible for the PKC-dependent inter-
nalization is different from the region that is
involved in the GRK-mediated internalization of
the receptor (Mundell et al. 2003). In the basal
state, mGluR5 is associated with calmodulin at
the cell surface. Ligand-dependent activation of
mGluR5 triggers the rise in the intracellular Ca2+

level and activation of PKC. Subsequently, PKC
phosphorylates S901 residue at the C-terminus of
the receptor, which in turn results in the inhibition
of the binding of calmodulin with the receptor and
subsequent internalization of the receptor (Lee
et al. 2008). Another second messenger-
dependent kinase PKA may also modulate the
mGluR trafficking by controlling the GRK activ-
ity (Mundell et al. 2004). As stated earlier,
GRK-mediated phosphorylation of the receptor
also plays an important role in the trafficking of
group I mGluRs. Acute knockdown of GRK4 in
cerebellar Purkinje cells inhibited the ligand-
mediated internalization of mGluR1 (Iacovelli
et al. 2003; Sallese et al. 2000). GRK4 modulates
the trafficking of mGluR1 in a kinase-dependent
manner, whereas another GRK, viz., GRK2, acts
in a kinase-independent way in this process
(Iacovelli et al. 2003). Group I mGluRs undergo
agonist-independent (constitutive) internalization
as well (Dale et al. 2001; Pula et al. 2004; Trivedi
and Bhattacharyya 2012). Conflicting
observations exist regarding the mechanism of
constitutive endocytosis of group I mGluRs.
Some studies have shown that the ligand-
independent endocytosis of mGluR1a is
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β-arrestin and dynamin-independent, whereas
few other studies have suggested that it is both
β-arrestin and clathrin-dependent (Dale et al.
2001; Francesconi et al. 2009; Pula et al. 2004).
Constitutive internalization of group I mGluRs
occurs via caveolar/raft pathway (Francesconi
et al. 2009). The constitutive endocytosis of
mGluR1a appears to be independent of the
GRK-mediated phosphorylation of the receptor
(Dale et al. 2001). Small GTP-binding protein
Ral and phospholipase D2 (PLD2)-dependent
pathway has also been shown as an alternative
mechanism to regulate constitutive mGluR endo-
cytosis (Bhattacharya et al. 2004). Application of
inverse agonists has been reported to inhibit con-
stitutive internalization of mGluR1a, but not
mGluR5a (Fourgeaud et al. 2003; Pula et al.
2004). It is possible that mGluR1 inverse agonist
is able to promote an inactive conformation of the
receptor which is no longer capable of interacting
with the components of endocytic machinery, but
mGluR5 inverse agonist fails to do so. Thus,
looks like, distinct mechanisms regulate constitu-
tive internalization of mGluR1 and mGluR5.

As stated before, subsequent to internalization
GPCRs can have various subcellular fates. Some
GPCRs recycle back to the cell surface
subsequent to internalization, whereas others
may enter lysosome for degradation. The
recycling seems to be a mechanism for
resensitization for many receptors, whereas the
lysosomal degradation leads to the
downregulation of the receptor. The route taken
by the receptor following endocytosis is dictated
by the type of the receptor, the type of the ligand,
and the type of the cellular background. Majority
of the internalized mGluR1 and mGluR5 enters
the recycling compartment and recycle back to
the cell surface following similar kinetics
(Mahato et al. 2015; Pandey et al. 2014). The
recycling of mGluR1/mGluR5 subsequent to the
ligand-mediated internalization suggests that the
internalization might be necessary for the
resensitization of these receptors. The process of

recycling also favors the cells bio-energetically
compared to the de novo synthesis of the
receptors, which is a high-energy consuming pro-
cess. Interestingly, the recycling of both mGluR1
and mGluR5 depends on the pH of the
endosomes, and dissipation of the pH of the
endosomal compartments results in the inhibition
in the recycling of both the receptors (Mahato
et al. 2015; Pandey et al. 2014). pH-dependent
recycling of group I mGluRs could be because of
either of the two possibilities or both: (1) the
internalized receptor attains such a confirmation
under the acidic pH of the endosomal
compartments that exposes the previously
modified residue(s) during the desensitization
process, and the enzymes present in the
endosomes then remodify those residue(s) of the
receptor, resulting in the resensitization of the
receptor, and (2) activity of the modifying
enzymes is dependent on the specific pH of the
endosomal compartments, and any change in the
pH results in the inactivation of the enzymes. The
recycling of mGluR1 has been reported to be
dependent on the activity of protein phosphatase
2A (PP2A) (Pandey et al. 2014). On the other
hand, the recycling of mGluR5 completely
depends on the activity of PP2A and partially
depends on the activity of protein phosphatase
2B (PP2B) (Mahato et al. 2015) (Fig. 12.1). It
will be important to investigate the substrates for
PP2A and PP2B in future. It is possible that PP2A
and PP2B dephosphorylate the phosphorylated
residues present at the third intracellular loop
and carboxy-terminal tail of these receptors.
Alternatively, they might also dephosphorylate
some other substrate(s) involved in the recycling
of mGluR1/mGluR5. It has been observed that
subsequent to constitutive internalization also,
mGluR5 enters the recycling compartment, simi-
lar to the ligand-dependent internalization and
recycles back to the cell surface (Trivedi and
Bhattacharyya 2012). The mechanism of the
recycling of constitutively internalized receptors
is currently not understood.
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12.4 Role of Group I mGluRs in Few
Diseases

12.4.1 Group I mGluRs in Fragile X
Syndrome and Autism

Autism is a neurodevelopmental disorder
characterized by repetitive behavior and with-
drawal of the patients from the society. Patients
are mostly preoccupied with themselves, and it is
more common in males (Harris et al. 2008). One
of the genetic causes of autism is the Fragile X
syndrome (Brown et al. 1982a, b). Patients with

Fragile X syndrome show macrocephaly and
macroorchidism and have prominent jaws, ears,
and forehead (Penagarikano et al. 2007). Fragile
X syndrome is the most common inherited form
of mental retardation. The cause of Fragile X
syndrome is the lack of the protein product of
the fragile X mental retardation 1 (Fmr1) gene,
FMRP (Bassell and Warren 2008; Bear et al.
2004; Ronesi and Huber 2008). In recent times,
a “metabotropic glutamate receptor” theory of
Fragile X pathogenesis has got prominence. This
theory was based on few observations:
(a) activation of group I mGluRs results in the
stimulation of proteins present at the synapse;

Fig. 12.1 Agonist-dependent and agonist-independent
trafficking of group I mGluRs. Upon binding with the
ligand, group I mGluRs internalize and recycle back to
the cell surface. Internalization of these receptors depends
on the phosphorylation of some critical residues as well as
on the ubiquitination of the receptor. The recycling of
mGluR1 and mGluR5 is PP2A-dependent, whereas

recycling of mGluR5 is partially dependent on the activity
of PP2B. Activation of group I mGluRs induces internali-
zation of AMPARs, which is the cellular mechanism for
mGluR-LTD. mGluR5 also undergoes ligand-independent
(constitutive) internalization and subsequently recycles
back to the cell surface
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(b) many of the long-term effects of the activation
of mGluR1 or mGluR5 depend on the translation
of synaptic mRNA; (c) at the synapse, FMRP
functions as a repressor of the mRNA translation;
and (d) in the absence of FMRP, many protein
synthesis-dependent effects of the activation of
group I mGluRs are amplified (Bear et al. 2004;
Dolen et al. 2007; Li et al. 2001). Importantly, in
the hippocampus of the Fmr1 knockout (Fmr1
KO) mouse, the group I mGluR-mediated long-
term depression (mGluR-LTD), a form of synap-
tic plasticity, is enhanced (Hou et al. 2006; Huber
et al. 2002). Together, these observations suggest
that FMRP and group I mGluRs functionally
work against each other. Thus, in the absence of
FMRP, unchecked mGluR-dependent protein
synthesis leads to the pathogenesis of Fragile X
syndrome.

12.4.2 Group I mGluRs in Down
Syndrome

Down syndrome is a neurodegenerative disorder
that is caused by the trisomy of chromosome 21.
It is one of the common congenital disorders that
cause intellectual disability. Adult patients with
Down syndrome manifest senile plaques and neu-
rofibrillary tangles that are hallmark of
Alzheimer’s disease (Oka and Takashima 1997;
Wisniewski et al. 1985). The amyloid precursor
protein (APP) is also located at chromosome 21.
APP overexpression is thought to be one of the
causative agents that lead to the pathogenesis of
Down syndrome (Goldgaber et al. 1987; Neve
et al. 1988). It has been observed that in Down
syndrome patients, mGluR5 is overexpressed in
various brain regions like hippocampus, cerebral
cortex, etc. (Oka and Takashima 1999). Genera-
tion of DAG and activation of protein kinase C
(PKC) accelerate the breakdown of APP and thus
formation of soluble and non-amyloidogenic
peptides (APPs) (Buxbaum et al. 1992; Caporaso
et al. 1992; Nitsch et al. 1992; Slack et al. 1993).
As stated before, activation of group I mGluRs
leads to the formation of DAG and activation of
PKC. Thus, activation of group I mGluRs by
specific agonists increases the soluble form of

APP (APPs) in both hippocampal region and
astrocytes, while activation of ionotropic gluta-
mate receptors, viz., NMDA, AMPA, and
Kainate receptors, does not have any effect on
this process (Lee et al. 1995). Therefore, selective
mGluR agonists might be useful in facilitating
synaptic efficacy and treating the disease, while
keeping in mind that it might also have some side
effects due to the over-activation of group I
mGluRs. Thus, the dose and duration of the ago-
nist application need to be precisely determined
so that the patient suffers relatively lesser side
effects, while the beneficial effects in terms of
treating the disease are maximum.

12.4.3 Group I mGluRs in Alcohol
Addiction

Alcoholism is a chronic neuropsychiatric disor-
der. Alcohol acts as a noncompetitive antagonist
at multiple glutamate receptors and alters gluta-
mate neurotransmission in the limbic system,
including the region nucleus accumbens
(Lovinger 1996; Minami et al. 1998). Nucleus
accumbens regulates the motivation to drink and
other properties of alcoholism. Among other neu-
rotransmitter receptors, group I mGluRs also play
critical roles in the alcohol behavior (Schumann
et al. 2008). Blocking of mGluR5 in nucleus
accumbens and basolateral amygdala has been
shown to increase the sensitivity to acute alcohol
administration in rodents (Besheer et al. 2010;
Cozzoli et al. 2009, 2012; Sinclair et al. 2012).
Furthermore, multiple studies have shown that the
deletion or blocking of mGluR5 attenuates alco-
hol drinking, withdrawal, and cue-induced alco-
hol-seeking (Adams et al. 2008; Bird et al. 2008;
Blednov and Harris 2008; Sidhpura et al. 2010).
The variation in the mGluR5 gene also shows an
association with alcoholism. A population of
mGluR5 expressed on dopamine D1 receptor
neurons also seems to play a critical role in the
deprivation-induced alcohol drinking behavior
(Parkitna et al. 2013). The Homer2 member of
the Homer family, present at the postsynaptic
density, has emerged as a key player in alcohol-
induced neuroplasticity in vivo (Szumlinski et al.
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2008). Through an Ena/VASP1 Homology
(EVH1) domain, Homer2 interacts with group I
mGluRs (Tu et al. 1998). Deletion of Homer2 in
mice or Drosophila results in an alcohol-avoiding
behavior (Szumlinski et al. 2005; Urizar et al.
2007). Interaction of Homer2 to mGluR5 and its
downstream signaling partner PI3K has been
implicated in excess binge drinking. Disruption
of mGluR5 binding with Homer2 results in 50%
reduction in the binge alcohol consumption
(Cozzoli et al. 2009). Knockdown of Homer2 at
the nucleus accumbens region reduces the alcohol
consumption. Together, these data point toward
an important role for mGluR5-Homer2-PI3K sig-
naling in the nucleus accumbens region that
regulates binge-like alcohol consumption.
Chronic ethanol exposure has been found to
increase the expression of the other member of
group I mGluR family, mGluR1, in the nucleus
accumbens and central amygdala as well (Obara
et al. 2009).

In all the above diseases, as well as many other
diseases that we have not discussed in this review,
group I mGluR signaling is altered. As stated
before, the normal signaling of group I mGluRs
depends on the precise localization as well as on
the accurate regulation of the activity of the recep-
tor, both of which are controlled by the trafficking
of these receptors. Therefore, regulation of
mGluR trafficking would provide a powerful
means to modulate the long-term synaptic plastic-
ity and other synaptic functions in which mGluRs
are involved, in both normal and diseased brain.

12.5 Final Words

Group I mGluRs are major players in regulating
various physiological processes in response to
external stimuli in the central nervous system. A
large number of reports are testaments, there is
considerable diversity observed in the group I
mGluR-specific signaling, desensitization, inter-
nalization, and resensitization processes. In fact,
within the same group, the two members,
mGluR1 and mGluR5, show diversity in their
regulation in the brain. Different subsets of
interacting regulatory proteins and the effector

molecules might add further complexity in the
signaling and regulation of group I mGluRs.
Although, we have gained much information
about the group I mGluR signaling and regulation
in the last few years, it appears that we have just
begun to understand the biological complexity
that exists in the group I mGluR signaling and
regulation. The advent of new technologies and
continued advancement in microscopy and
in vivo experiments will help us to advance our
understanding of the role of group I mGluRs in
normal and diseased brain. Thus, continued
understanding of the group I mGluR signaling,
regulation, and trafficking will provide us impor-
tant insights to unravel the complexity that exists
in nature and also to develop novel therapeutic
strategies, in order to cure various diseases that
arise due to aberrant group I mGluR signaling and
regulation.
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Soluble Amyloid Precursor Protein a:
Friend or Foe? 13
Nicola J. Corbett and Nigel M. Hooper

Abstract

The “amyloidogenic” proteolytic processing
of the cell surface amyloid precursor protein
(APP) produces amyloid-β, which causes a
range of detrimental effects in the neuron,
such as synaptic loss, and plays a key role in
Alzheimer’s disease. In contrast, “non-
amyloidogenic” proteolytic processing, which
involves the cleavage of APP by α-secretase,
produces soluble amyloid precursor protein α
(sAPPα) and is the most predominant proteo-
lytic processing of APP in the healthy brain.
Current research suggests that sAPPα plays a
role in synaptic growth and plasticity, but
whether this role is protective or detrimental
is age-dependent. This review looks at the
effects of increasing sAPPα during three
time-points in life (in development, young
adult, ageing/neurodegeneration) when synap-
tic plasticity plays an important role.

Keywords

Soluble amyloid precursor protein α (sAPPα) ·
Amyloid precursor protein (APP) · A
disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10) · Synaptic
plasticity · Development · Ageing ·
Neurodegeneration · Neuroprotection ·
Dendritic spines

13.1 Introduction

Soluble amyloid precursor protein α (sAPPα) is a
product of the proteolytic cleavage of the cell
surface amyloid precursor protein (APP), through
the “non-amyloidogenic” processing pathway.
APP is a member of the type 1 transmembrane
glycoprotein family and has a large glycosylated
N-terminal domain, a hydrophobic transmem-
brane domain, and a short C-terminal domain
(Andrew et al. 2016). The main isoforms that
are expressed in the brain are APP695, APP751,
and APP770, with APP695 being the most abun-
dant (Habib et al. 2017). The most well-known
proteolytic processing of APP occurs when the
β-secretase (BACE1) and the γ-secretase complex
sequentially cleave APP to produce amyloid-β
(Aβ) peptides (Andrew et al. 2016). This pathway
is known as the “amyloidogenic” processing of
APP (Fig. 13.1). The products of this proteolytic
processing cause a range of detrimental effects in
neurons and the brain and play a key role in
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Alzheimer’s disease (AD). However, the
non-amyloidogenic processing pathway is the
principal route for APP processing (Andrew
et al. 2016). This pathway involves the cleavage
of APP by α-secretase, predominantly the
disintegrin and metalloproteinase domain-
containing protein 10 (ADAM10), producing
sAPPα and C83, an 83 amino acid C-terminal
fragment (Andrew et al. 2016) (Fig. 13.1). The
properties of sAPPα within the central nervous
system are not thoroughly understood. However,
it has been linked to synaptic plasticity in a range
of models, and whether an increase in sAPPα is
protective or detrimental is dependent on the
stage during an organism’s lifespan.

13.2 Role of sAPPα
in the Developing Brain

APP expression levels are at their highest during
the early stages of synaptogenesis (Priller et al.
2006), and varying expression levels appear to be
important during normal development. For exam-
ple, Lahiri et al. (2002) have shown that APP
expression is higher postnatally than prenatally.
Due to the presence of APP, and it being predom-
inantly cleaved by α-secretase throughout the
“healthy” life of a cell, sAPPα is present through-
out lifespan, including during early brain devel-
opment. Several studies have suggested that the

During development
• ↑ immature, thin spines
• ↓ synap�c pruning
• ↑ gliosis
• ↑ protein synthesis via

ac�va�on of the mGluR
pathway

• ↓ sociability in mice

During young, adulthood
• ↑ neurite outgrowth
• ↑ cell prolifera�on
• Facilitates LTP via NMDAR upregula�on
• Enhances spa�al memory and memory

consolida�on

During aging/neurodegenera�on
• ↓ oxida�ve stress and cell death
• ↓ Amyloid-β plaques and

hyperphosphorylated tau via
inhibi�on of BACE1 and
inac�va�on of GSK-3β

• Rescues synap�c plas�city and
synapse number

• Rescues spa�al memory

Age

APP

sAPPα

Amyloid-β

Amyloidogenic processing

Non-amyloidogenic processing

Neurodegenera�on,
e.g. Alzheimer’s disease

β-secretase

α-secretase

γ-secretase

Fig. 13.1 Functions of sAPPα, a key proteolytic prod-
uct of the cell surface amyloid precursor protein
In the amyloidogenic pathway, the cell surface APP is
proteolytically cleaved by the β- and γ-secretases to gen-
erate the neurotoxic amyloid-β. In the non-amyloidogenic

pathway, APP is cleaved by α-secretase to generate sAPPα
which has either neurotoxic or neuroprotective properties
depending on the stage of development
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expression level of sAPPα may also be important
in development, particularly with regard to syn-
aptic growth and pruning. Of particular interest is
the recent study by Pasciuto et al. (2015), who
highlighted the importance of maintaining bal-
anced levels of sAPPα during a critical period in
development that is important for synaptic
stabilisation and elimination via protein synthe-
sis. Using a mouse model of Fragile X syndrome
(FXS; FMR1 knockout), a neurodevelopmental
disorder, Pasciuto et al. (2015) paid particular
attention to the Fragile X mental retardation pro-
tein (FMRP), which is absent, or mutated, in
FXS. Westmark and Malter (2007) found that
FMRP regulates dendritic APP expression by
binding to APP mRNA, leading to APP synthesis.
The authors showed that in FMR1 knockout
mice, between postnatal days 21 and 28, there
was an increased expression of APP and
ADAM10, compared to their wild-type
littermates. This led to an increase in the cleavage
of APP through the non-amyloidogenic pathway,
which could be seen when looking at the lack of
increased cell surface APP in the knockout mice,
and hence, there was an excess of sAPPα. Inter-
estingly, this increase in APP, ADAM10, and
sAPPα was also seen in fibroblasts taken from
FXS patients (Pasciuto et al. 2015). The excess in
sAPPα in the mouse model led to an increase in
the number of thin, immature dendritic spines,
which is a key pathological feature of the disor-
der. The authors suggest that this may be via
increased protein synthesis, which has occurred
due to the ability of sAPPα to activate the
mGluR5 pathway (Pasciuto et al. 2015).

Other developmental disorders, such as
autism, a specific form of the autism spectrum
disorder (ASD), have also been associated with
altered dendritic morphology and brain enlarge-
ment during this critical period. Overproduction
of sAPPα may also contribute to this pathology,
as elevated levels of sAPPα have been seen in the
plasma and the insular cortex of autistic
individuals (Sokol et al. 2006; Bailey et al.
2013; Ray et al. 2011). Autism is characterised

by impaired sociability, which was seen when
mice overexpressing human sAPPα were placed
in a three-chambered apparatus with a stranger
mouse (Bailey et al. 2013). These transgenic
mice also had increased gliosis, which is
correlated with elevations in interleukin-6,
gp130, and Notch1 that are involved in glial
differentiation. This gliosis increase may help
explain, along with increased neuronal anatomy,
the increase in brain volume seen in autistic
individuals (Courchesne et al. 2001, 2003; Sparks
et al. 2002).

13.3 Role of sAPPα in the Healthy,
Young Adult Brain

In the young adult brain, expression of sAPPα
does not cause detrimental effects at the synapse,
as seen during development, indicating that the
timing of sAPPα production is critical. Ring et al.
(2007) found that APP knockout mice had
decreased brain weight, grip strength, locomotor
activity, and impaired learning and memory,
which were not seen in mice with sAPPα knock-
in on the APP null background, suggesting that it
is the sAPPα fragment of APP that is involved in
these neurological features. Other studies also
found that sAPPα was able to enhance spatial
memory and promote memory consolidation in
healthy adult rodents, either via overexpressing
sAPPα in the hippocampus by viral gene transfer
(Fol et al. 2016) or by administering recombinant
sAPPα (Taylor et al. 2008). This was further
substantiated, and linked to its synaptic role, by
the addition of exogenous sAPPα rescuing long-
term potentiation (LTP) in the APP knockout
mice (Ring et al. 2007) and when endogenous
sAPPα was blocked using antibodies (Fol et al.
2016). However, it is important to note that
Taylor et al. (2008) also found detrimental effects
on LTP when incubating hippocampal slices with
high concentrations of sAPPα. This highlights
that not only the timing but also the amount of
sAPPα is critical at the synaptic level.
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Aiding neurite outgrowth (Gakhar-Koppole
et al. 2008; Chasseigneaux et al. 2011; Hasebe
et al. 2013) and cell proliferation (Caille et al.
2004; Demars et al. 2011) are also well-
documented properties for sAPPα in the adult
brain. However, the mechanisms of action of
sAPPα in these synaptic and neuronal roles are
still to be fully elucidated. The amino acid
residues 319–335 of sAPPα, which have been
shown to increase synaptic density and memory
retention (Roch et al. 1994), have been linked to
neurite outgrowth, along with residues 28–123
known as the growth factor-like domain and the
C-terminal sequence residues 591–612 (Taylor
et al. 2008; Furukawa et al. 1998). Hasebe et al.
(2013) suggested that the role of sAPPα in neurite
outgrowth is due to it binding to a cell surface
receptor. The authors suggest that one potential
receptor for this is p75 neurotrophic receptor (p75
NTR). Exogenous sAPPα activates membrane-
associated guanylate cyclase (Barger and Mattson
1995), important in formation and regulation of
synaptic scaffolding, leading to decreased
N-methyl-D-aspartate (NMDA) receptor currents
(Furukawa and Mattson 1998). However, Taylor
et al. (2008) found that sAPPα facilitated LTP via
upregulation of NMDA receptor transmission,
which was further supported by Gakhar-Koppole
et al. (2008), who activated NMDA receptors in
the presence of sAPPα, promoting neurite
outgrowth. Whatever the link between sAPPα
and NMDA receptors, it is possible that the extra-
cellular signalling-regulated kinase (ERK)/mito-
gen-activated protein kinase (MAPK) pathway is
involved (Klatt et al. 2013; Bailey et al. 2012;
Rohe et al. 2008; Claasen et al. 2009).

13.4 Role of sAPPα in the Aged
Brain
and in Neurodegeneration

As mentioned previously in this review, the most
well-documented processing of APP is via the
amyloidogenic pathway to produce Aβ that is
involved in neurodegeneration (Fig. 13.1). An

increase in the amyloidogenic pathway occurs in
the aged and amyloid-related diseased brain;
therefore, sAPPα can be reduced in these
conditions. For example, sAPPα levels are
decreased in mild cognitive impairment and AD
patients (Lannfelt et al. 1995; Dobrowolska et al.
2014), which have been correlated with memory
impairment (Almkvist et al. 1997). In aged rats,
Anderson et al. (1999) found a 50% reduction in
sAPPα levels in the cerebrospinal fluid (CSF) that
could be correlated with poor memory
performance.

The majority of research into the beneficial
properties of sAPPα has been performed in dif-
ferent models of AD, in vitro to in vivo, all
suggesting that sAPPα may be beneficial in
attenuating key pathological features of the dis-
ease. Using Aβ-treated dissociated hippocampal
cells, Goodman and Mattson (1994) found that
exposing the cells to sAPPα attenuated oxidative
injury and cell death. This was also found by
Stein et al. (2004), when looking at Aβ-treated,
organotypic hippocampal slices. The authors
showed that not only did sAPPα prevent apopto-
tic cell death; it also prevented nuclear pyknosis
and paired helical filaments, which are made up
of hyperphosphorylated tau and are a major com-
ponent of neurofibrillary tangles. Currently, the
link between sAPPα and tau has only been
investigated with respect to Alzheimer’s disease,
with Deng et al. (2015) showing the effects of
sAPPα on the phosphorylation state of tau using a
range of AD models: SH-SY5Y/BACE1 cells,
HeLa/tau cells, and sAPPα/APPswedish/PS1
mice. They found that sAPPα was able to
decrease phosphorylated tau via BACE1 and the
phosphorylation of glycogen synthase kinase 3β
(GSK-3β). sAPPα also had an effect on Aβ via the
inhibition of BACE1 in vitro (CHO/APPswe/
PS1wt, CHO/APPwt, N2a/sAPPα cells) and
in vivo (sAPPα x APPswe/PS1ΔE9 mice), and
this caused decreased levels of Aβ, with a
decrease in Aβ plaques, fibrils, and oligomers in
the cortex and hippocampus in the transgenic
mice (Obregon et al. 2012). From this it is clear
that sAPPα must be internalised, and Gustafsen
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et al. (2013) suggested that sortilin and SorLA
may be potential endocytic receptors for sAPPα,
as they have shown sortilin to mediate
non-amyloidogenic processing of APP and both
proteins to mediate internalisation of sAPPα, par-
ticularly in neurons. This was supported by Hartl
et al. (2013), who found that sAPPαwas unable to
exert its neurotrophic properties on SORL1-
deficient cortical neurons. The authors suggest
that sAPPα binds to SorLA, which regulates
CDK5 expression. Further to this, ERG1 was
shown to increase with sAPPα, leading to an
increase in CDK5 (Chasseigneaux et al. 2011),
supporting the involvement of the CDK5 path-
way, which reduces phosphorylation of tau and
BACE1.

Again these studies showed the role of sAPPα
at the synapse, if indirectly, via pathological pro-
tein regulation, whilst other studies highlighted
above showed its directly related synaptic role,
both showing that under these conditions sAPPα
protects synapses (Fig. 13.1). The overexpression
of sAPPα by viral gene transfer that showed LTP
facilitation in young adult mice also found that in
aged APP/PS1ΔE9 mice with plaques, this
overexpression improved synaptic plasticity via
LTP induction, partially rescued dendritic spines,
and decreased Aβ levels and plaque load, which
all may have been involved in the improvement
of the animal’s spatial reference memory (Fol
et al. 2016). Interestingly, the authors also
showed that sAPPα increased activated microglia
around plaques and upregulated the insulin-
degrading enzyme (IDE) and the triggering recep-
tor expressed on myeloid cells (TREM2) expres-
sion, all of which may contribute to increased Aβ
clearance. However, inflammation is a key feature
of AD; therefore, the ability of sAPPα to increase
activated microglia may only be beneficial at very
early stages of neurodegeneration prior to major
inflammatory responses. Collectively these stud-
ies have shown that sAPPα has a range of effects
that are neuroprotective, particularly with regard
to the synapse, in the aged, neurodegenerating
brain, in complete contrast to the situation during
development, in which the very same properties
of sAPPα appear to be detrimental (summarised
in Fig. 13.1).

13.5 Conclusion

The proteolytic processing of the cell surface APP
has been well documented, particularly the
amyloidogenic pathway, and the toxic effects of
its products are well known. However, the
non-amyloidogenic pathway produces a protein
that has detrimental effects in the developing
brain but neuroprotective effects in the aged, dis-
eased brain. The exact mechanisms of action of
sAPPα are still unknown, yet it, and its signalling
pathway, may be a potential therapeutic target in
disease.
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C. elegans Locomotion: Finding Balance
in Imbalance 14
Shruti Thapliyal and Kavita Babu

Abstract

The excitation-inhibition (E-I) imbalance in
neural circuits represents a hallmark of several
neuropsychiatric disorders. The tiny nematode
Caenorhabditis elegans has emerged as an
excellent system to study the molecular
mechanisms underlying this imbalance in neu-
ronal circuits. The C. elegans body wall
muscles receive inputs from both excitatory
cholinergic and inhibitory GABAergic motor
neurons at neuromuscular junctions (NMJ),
making it an excellent model for studying the
genetic and molecular mechanisms required
for maintaining E-I balance at the NMJ. The
cholinergic neurons form dyadic synapses
wherein they synapse onto ipsilateral body
wall muscles allowing for muscle contraction
as well as onto GABAergic motor neurons that
in turn synapse on the contralateral body wall
muscles causing muscle relaxation. An
alternating wave of contraction and relaxation
mediated by excitatory and inhibitory signals
maintains locomotion in C. elegans. This loco-
motory behavior requires an intricate balance
between the excitatory cholinergic signaling
and the inhibitory GABAergic signaling
mechanisms.

Studies on the C. elegans NMJ have
provided insights into several molecular
mechanisms that could regulate this balance
in neural circuits. This review provides a dis-
cussion on multiple genetic factors including
neuropeptides and their receptors, cell adhe-
sion molecules, and other molecular pathways
that have been associated with maintaining E-I
balance in C. elegansmotor circuits. Further, it
also discusses the implications of these studies
that could help us in understanding the role of
E-I balance in mammalian neural circuits and
how changes in this balance could give rise to
brain disorders.

Keywords

Excitation · Inhibition · Acetylcholine ·
GABA · NMJ · C. elegans

14.1 Introduction

Normal brain development and function requires
a tight coordination between excitation and inhi-
bition during synaptic transmission in neural
circuits. Hence, excitation and inhibition are
required for the synchronized activity of neural
circuits regulating diverse behaviors (Isaacson
and Scanziani 2011). Excitatory signals from the
presynaptic neuron to the postsynaptic neuron
make the latter more likely to fire, while an inhib-
itory signal prevents firing of the postsynaptic
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neuron. Impaired excitation-inhibition (E-I) bal-
ance has been reported as a hallmark for several
neuropsychiatric disorders including autism, epi-
lepsy, schizophrenia, and Alzheimer’s disease
(Eichler and Meier 2008; Lei et al. 2016; Nelson
and Valakh 2015; Yizhar et al. 2011). Thus
understanding genetic factors and molecular
mechanisms coordinating this balance in neural
circuits mandates greater attention.

Locomotion is a prominent behavioral output
in C. elegans. Neural circuits that generate coor-
dinated dorsoventral sinusoidal bends maintain
normal locomotion in C. elegans (illustrated in
Fig. 14.1a). Locomotion in C. elegans is
synchronized at multiple levels of the neural cir-
cuit and involves diverse sensory cues that are
integrated by sensory neurons and further
processed by the interneurons ultimately resulting
in adjustments at the neuromuscular junction
(NMJ) (Bargmann 2012; de Bono and Maricq
2005). The neural circuit that regulates locomo-
tion in C. elegans consists of a wide array of
sensory neurons that can detect diverse environ-
mental stimuli. These environmental cues include
volatile and soluble chemicals (chemotaxis), tem-
perature (thermotaxis), pH, oxygen (aerotaxis), as
well as various forms of mechanical stimuli
(Bargmann et al. 1993; Bretscher et al. 2011;
Chalfie et al. 1985; Culotti and Russell 1978;
Hedgecock and Russell 1975; Kaplan and
Horvitz 1993; Sassa et al. 2013; Ward 1973).
Sensory neurons in C. elegans express distinct
sensory receptors that are involved in diverse
functions such as in taste reception (Bargmann
and Horvitz 1991), olfaction (Bargmann et al.
1993), mechanosensation (Kaplan and Horvitz
1993), thermal perception (Mori and Ohshima
1995), and pheromone detection (McGrath et al.
2011) among others. The information collected
by these sensory neurons is transferred onto sev-
eral layers of interneurons. Interneurons mediate
information flow from sensory to motor neurons
and are the site of sensory information integration
and processing. Processed information from sev-
eral layers of interneurons ultimately reaches five
pairs of distinct premotor interneurons (AVA,
AVB, AVD, AVE, and PVC) that direct

locomotory behaviors and are called the
command interneurons. The processed informa-
tion from the interneurons is finally transferred
onto the neuromuscular junction (NMJ). The
C. elegans NMJ has three main components: the
excitatory cholinergic motor neuron, the inhibi-
tory GABAergic motor neuron, and the muscle
(illustrated in Fig. 14.1b). Information from the
command interneurons is passed onto the cholin-
ergic motor neurons that then form dyadic
synapses. The cholinergic motor neurons synapse
both onto the ipsilateral body wall muscles caus-
ing contraction and onto inhibitory GABAergic
motor neurons that then synapse onto the contra-
lateral body wall muscles causing muscle relaxa-
tion (White et al. 1976, 1986). Hence, at any
given point of time on one side, muscle is
contracted, and on the other side, the body wall
muscle is relaxed. This alternating wave of mus-
cle contraction and relaxation mediated by excit-
atory and inhibitory signals maintains sinusoidal
locomotion in C. elegans (illustrated in
Fig. 14.1c). The overall magnitude of the dorsal
and ventral contraction must be equal for normal
coordinated locomotion. Any alteration in this E-I
balance modifies locomotory behavior in
C. elegans (Isaacson and Scanziani 2011;
Stawicki et al. 2013). Thus, the C. elegans NMJ
provides a unique and sophisticated model to
understand key genetic players and molecular
mechanisms maintaining E-I balance in neural
circuits.

This review is an attempt to address the signif-
icance of the C. elegans NMJ as an attractive
model to conduct such studies. Several previous
reports have identified distinct genetic factors and
molecular mechanisms that operate at various
levels of the locomotory circuit to regulate E-I
balance at the NMJ. These molecular players
have been discussed below and summarized in
Table 14.1. However, despite providing a simple
genetically modifiable and tractable system, the
C. elegans NMJ has not been exploited to its full
potential. Future studies in this area could shed
light onto some crucial molecular factors and
their regulatory control in maintaining balance
in neural circuits.
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14.2 Genetic Factors Regulating
Excitation-Inhibition (E-I)
Balance at the C. elegans
Neuromuscular Junction

14.2.1 Neurotransmitter Receptors

Diversity in neurotransmitter receptors provides
functional heterogeneity resulting in variability
in neural circuits and behaviors. Acetylcholine is
the major excitatory neurotransmitter at the nem-
atode neuromuscular junction (NMJ), and more
than one third of the C. elegans neurons release
acetylcholine (Rand 2007). C. elegans expresses
at least 29 genes that encode for acetylcholine
receptor (AChR) subunits (Rand 2007). These
AChR subunits were identified in genetic
screens for resistance to AChR agonists or
through gene homology studies (Fleming et al.
1997; Jones and Sattelle 2004; Lewis et al.

1980). The best characterized C. elegans
receptors are present on the muscle and include
L-AChRs that respond to the levamisole and
N-AChRs that respond to nicotine but not to
levamisole (Richmond and Jorgensen 1999).
The nicotine-sensitive receptors are homo-
pentameric, ligand-gated ion channels that con-
tain only the ACR-16 α-subunit (Francis et al.
2005; Touroutine et al. 2005; Unwin 2005). The
levamisole-sensitive receptors on the body wall
muscle are heteromeric, containing three essen-
tial subunits UNC-29, UNC-38, and UNC-63
along with two nonessential LEV-1 and LEV-8
subunits (Culetto et al. 2004; Fleming et al.
1997; Richmond and Jorgensen 1999).
Genome-wide transgene expression studies
have revealed the presence of several different
acetylcholine receptor subunits that are
expressed in neurons as well as on muscles
(Jones and Sattelle 2004).

Fig. 14.1 Schematic representing the C. elegans locomo-
tory circuit and neuromuscular junction (NMJ). (a)
Diverse environmental cues sensed by the sensory neurons
are processed and integrated at interneurons. The
processed information reaches the command interneurons,
the premotor neurons, that decide the direction of locomo-
tion and manifest the outcome at the neuromuscular junc-
tion by coordinated action of cholinergic and GABAergic
motor neurons synapsing onto the body wall muscles. (b)

At the NMJ, this circuit works through a “cross-inhibition
model” where the excitatory cholinergic motor neurons
form dyadic synapses both onto the ipsilateral muscle
causing contraction and onto inhibitory GABAergic
motor neurons that then synapse onto the contralateral
muscle causing relaxation. (c) The alternating waves of
contraction and relaxation along the body of the animals
drive locomotion in C. elegans
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Recently, a neuronal acetylcholine receptor,
ACR-2 comprising five subunits – UNC-38,
UNC-63, ACR-12 (α subunits), ACR-2, and
ACR-3 (non-α subunits) – has been reported to
maintain E-I balance at the NMJ (Jospin et al.
2009; Stawicki et al. 2013). A gain-of-function
mutant of acr-2 exhibited increased acetylcholine
release from cholinergic motor neurons. Interest-
ingly, there was a simultaneous decrease in
GABA release from GABAergic motor neurons.
This imbalance in excitation and inhibition
resulted in loss of coordinated muscle activity
(Jospin et al. 2009). This study revealed that the
gain-of-function in acr-2 was caused by a valine
to methionine change at the 13 amino acid posi-
tion of the pore-forming transmembrane domain
of the ACR-2 subunit. This residue in acetylcho-
line receptor subunits is highly conserved, and a
V13’Mmutation in the β1-subunit of human mus-
cle acetylcholine receptor has been reported to

cause myasthenia gravis (Engel et al. 1996).
Functional characterization revealed that acr-
2 (gf) resulted in a hyperactive channel in vivo,
giving rise to spontaneous convulsions in animals
(Jospin et al. 2009). The convulsive phenotype of
acr-2(gf) mutants shares some neurological
features characteristic of several forms of epilepsy
(Mann and Mody 2008; Stitzel 2008). The molec-
ular mechanisms of how ACR-2-mediated neuro-
transmission regulates motor circuit activity,
however, have not been fully worked out.

More recently, using genetic, behavioral, and
electrophysiological approaches, the α-subunit
ACR-12 of the nicotinic acetylcholine receptor
ACR-2 has been shown to regulate motor circuit
activity (Petrash et al. 2013). This study revealed
that the ionotropic AChR subunit, acr-12, was
required to maintain synaptic coupling between
excitatory cholinergic and inhibitory GABAergic
motor neurons through its function in GABA

Table 14.1 Genetic factors regulating excitation-inhibition balance at the C. elegans NMJ

Genetic factors
Genes
involved Site of action Proposed mechanism

Neurotransmitter
receptors

ACR-2 Cholinergic motor
neurons

Gain-of-function mutant of acr-2 exhibited increased
acetylcholine release from cholinergic motor neurons
and decreased GABA release from GABAergic motor
neurons (Jospin et al. 2009; Stawicki et al. 2013)

ACR-12 GABAergic motor
neurons

Maintains synaptic coupling between cholinergic and
GABAergic motor neurons (Petrash et al. 2013)

Neuropeptides and G-
protein-coupled
receptors

FLP-1
and
FLP-18

Acts on GABAergic
motor neurons and
muscles

FLP-1 and flp-18 neuropeptides maintain homeostatic
synaptic plasticity by binding to NPR-1 and NPR-5
receptors present in GABA motor neurons and muscle
(Stawicki et al. 2013)

Endoplasmic
reticulum
(ER) chaperone
protein

RIC-3 Motor neurons Maintains homeostatic plasticity by regulating the
functional expression of inhibitory GABAA receptors
on the muscle (Safdie et al. 2016)

Neuronal calcium
sensor protein

NCS-2 Cholinergic motor
neurons

Regulates asynchronous release of acetylcholine from
cholinergic motor neurons and dampens the inhibitory
GABAergic signaling in a non-cell autonomous manner
(Zhou et al. 2017)

Co-chaperones DNJ-17 Motor neurons Increased cholinergic signaling that intensify the
convulsive phenotype of acr-2 (gf)worms (Takayanagi-
Kiya and Jin 2016)

Cell adhesion
molecules

CASY-1 Sensory neurons and
GABAergic motor
neurons

Specific isoform functions in sensory neurons to
regulate glutamate release, thus maintaining excitatory
signaling. Shorter isoforms function in GABAergic
motor neurons to maintain GABA release by regulating
trafficking of GABA synaptic vesicle precursors
(Thapliyal et al. 2018a, b)
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motor neurons. ACR-12 subunit-mediated signal-
ing in the motor circuit limits the hyperactivity of
cholinergic motor neurons via activation of
GABA motor neurons.

Having a large variety of acetylcholine recep-
tor subunits suggests diverse neuronal functions
for these subunits. Understanding the role of other
uncharacterized subunits could shed some light
on the role of these neurotransmitter receptors in
regulating E-I balance in the motor circuits.

14.2.2 Neuropeptides and Their G-
Protein-Coupled Receptors

Neuropeptides are short stretches of amino acids
that modulate synaptic activity either directly or
indirectly. They can act as short-range signals,
released close to the site of action or as hormones,
acting on tissues outside the nervous system,
thereby enhancing the intricate complexity of
the activity of neural circuits. A large repertoire
of neuropeptides in C. elegans functions to fine-
tune the neural networks involved in diverse
functions and also increases the complexity of
behavioral outcomes in C. elegans.

Neuropeptide signaling has been demonstrated
to modulate several different behaviors in
C. elegans, including dauer formation, locomo-
tion, egg-laying, sleep, learning, and mechano-
and chemosensation among others (Artan et al.
2016; Banerjee et al. 2017; Bhardwaj et al. 2018;
Braeckman and Vanfleteren 2007; Chalasani
et al. 2010; Chang et al. 2015; Chen et al. 2016;
Cheong et al. 2015; Cornils et al. 2011; Delaney
et al. 2017; Harris et al. 2010; Hu et al. 2011,
2015; Hung et al. 2014; Kao et al. 2007; Laurent
et al. 2015; Leinwand and Chalasani 2013, 2014;
Li and Kim 2008; Li et al. 2013; Nagy et al. 2014;
Nath et al. 2016; Nathoo et al. 2001; Nelson et al.
2013; Pierce et al. 2001; Stawicki et al. 2013).

Recently, neuropeptides released from the
cholinergic motor neurons have been shown to
modulate E-I balance in acr-2(gf) mutant. Using
functional genetic and electrophysiological
approaches, neuropeptides belonging to the
FMRFamide family, flp-1 and flp-18, have been

shown to reduce E-I balance in the locomotory
circuit. The upregulation of FLP-18 expression in
acr-2(gf) has been proposed to be a homeostatic
mechanism to readjust the balance in motor
circuit activity. The study proposes that FLP-18
neuropeptide functions by acting on GABAergic
motor neurons primarily using the G-protein-
coupled receptors NPR-1 and NPR-5 (Stawicki
et al. 2013).

Further studies highlighting the role of other
neuropeptides, receptors, and their regulatory
mechanisms could provide a clearer picture on
how neuropeptides and their receptors could
affect the E-I balance at the NMJ.

14.2.3 Endoplasmic Reticulum-
Resident Chaperone Protein
RIC-3

RIC-3 is an evolutionarily conserved endoplas-
mic reticulum (ER) chaperone protein that
regulates maturation and expression of multiple
classes of nicotinic acetylcholine receptors
(nAChRs) (Cheng et al. 2005; Halevi et al.
2002, 2003; Lansdell et al. 2005). Previously,
RIC-3 has been shown to affect motor coordina-
tion by regulating the expression and function of
nAChRs in motor neurons (Jospin et al. 2009).
Recently, phosphorylation of RIC-3 at serine-164
has been shown to regulate muscle excitability,
thus altering the E-I balance at the NMJ (Safdie
et al. 2016). Reciprocal action of the phosphatase
TAX-6 (calcineurin A homologue) and kinase
KIN-10 (casein kinase II homologue) has been
shown to regulate the phosphorylation state of
RIC-3. KIN-10-mediated RIC-3 phosphorylation
at S-164 increases muscle excitability by
inhibiting the functional expression of inhibitory
GABAA receptors on the muscle. This decrease
in inhibitory signal modulates the motor coordi-
nation mediated by excitatory and inhibitory
inputs. This study stresses upon the role of
TAX-6 as a novel sensor and regulator of muscle
excitability, acting as a homeostatic balancer.
Under conditions of increased muscle
excitability, TAX-6 results in dephosphorylation
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of downstream targets like RIC-3, releasing
inhibitory GABAA receptors from suppression
by phosphorylated RIC-3, thus mediating
homeostatic decrease in muscle excitability
(Safdie et al. 2016).

14.2.4 Neuronal Calcium Sensor
Protein (NCS-2)

Neuronal activation results in a calcium influx
through voltage-gated calcium channels and
changes cytoplasmic calcium levels. These
alterations in calcium levels are detected by mul-
tiple calcium sensors that can modulate diverse
signaling pathways. The neuronal calcium sensor
protein (NCS) is a conserved molecule that can
bind to numerous proteins including ion channels,
synaptic proteins, membrane receptors, and mul-
tiple kinases depending upon the calcium load in
the cytoplasm of the neuron (Braunewell and
Gundelfinger 1999; Burgoyne 2007; Burgoyne
and Haynes 2012; Flaherty et al. 1993). Despite
numerous reports supporting the role of these
calcium sensors in the pathogenesis of diseases
like Alzheimer’s disease and schizophrenia
(Braunewell 2005; Seaton et al. 2011), the molec-
ular mechanisms for how NCS proteins regulate
E-I balance in neural circuits are not clear.

Recently, the duration of excitatory choliner-
gic motor neuron activity has been shown to
result in two major outcomes. A short-duration
activation results in reversible strengthening of
the presynaptic synapses, maintaining E-I bal-
ance, and a long-duration or persistent activation
results in asynchronous presynaptic release
resulting in reduced cholinergic signaling. This
decreased cholinergic signaling further depresses
the inhibitory GABAergic signaling resulting in
an E-I imbalance at the NMJ (Zhou et al. 2017).
This study reports the role of NCS-2 in regulating
the asynchronous release of acetylcholine from
cholinergic motor neurons that in turn dampen
the inhibitory GABAergic signaling in a
non-cell autonomous manner. This role of
NCS-2 requires Ca2+ binding as well as its mem-
brane association domains (Zhou et al. 2017).

Influx of Ca2+ ions is important for neuronal
cell activation. Several different calcium-binding
proteins are present at the site of influx. Further
studies characterizing the role of calcium-binding
proteins in maintaining E-I balance at NMJ could
uncover novel genetic factors regulating this
balance.

14.2.5 Co-chaperone DnaJ/Hsp40
Family Proteins

The DnaJ/Hsp40 family of proteins are an evolu-
tionarily conserved class of proteins that act as
co-chaperones that interact and activate ATPase
activity of Hsp70 chaperone proteins (Ohtsuka
and Suzuki 2000; Qiu et al. 2006). These proteins
protect the cells from stress generated by
misfolded or aggregated proteins. Several differ-
ent neurological disorders including Huntington’s
and Parkinson’s disease have been attributed to
misregulated cellular protein homeostasis
(Muchowski and Wacker 2005; Sherman and
Goldberg 2001). Thus understanding the key
genetic factors regulating cellular protein homeo-
stasis is essential.

Recently, the C. elegans dnj-17 gain-of-func-
tion mutant has been reported to intensify the
convulsive phenotype of acr-2(gf) animals,
suggesting a role for increased cholinergic
signaling in dnj-17(gf) mutants in disturbing the
E-I balance at the NMJ (Takayanagi-Kiya and Jin
2016).

14.2.6 Cell Adhesion Molecules (CAMs)

The precise pattern of connectivity between
neurons is a key factor that determines the flow
of information in neural circuits. The nervous
system employs multiple mechanisms to accom-
plish this challenging task (Sanes and Yamagata
2009). Many cell adhesion molecules are assem-
bled at synaptic sites. Current literature advocates
the role of neuronal CAMs important not only for
adhesion but for various aspects of synapse devel-
opment and function (Cavallaro and Dejana 2011;
Dalva et al. 2007; Missler et al. 2012; Shapiro
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et al. 2007; Sheng et al. 2013). Adhesion
molecules include the cadherin family, neurexin/
neuroligin family, integrins, SynCAM, NCAM,
SALMs (synaptic cell adhesion-like molecules)
(Togashi et al. 2009), and the newly discovered
LRRTMs (leucine-rich repeat transmembrane
molecules) (Linhoff et al. 2009). During brain
development, CAMs play crucial roles in neuro-
nal migration, axon fasciculation, and neurite
outgrowth (Chih et al. 2005; Cremer et al. 1997;
Graf et al. 2004; Hirano and Takeichi 2012; Ko
et al. 2009; Pettem et al. 2013; Siddiqui et al.
2010; Sudhof 2008; Togashi et al. 2002, 2006;
Walsh and Doherty 1997; Yasuda et al. 2007). In
the adult brain, they play essential roles in the
regulation of synaptic plasticity as well as in axon
regeneration in an injured nervous system
(Blackmore and Letourneau 2006; Hansen et al.
2008; Nacher et al. 2013; Tessier-Lavigne and
Goodman 1996; Walsh and Doherty 1997).

The C. elegans casy-1 is an ortholog of mam-
malian Calsyntenin genes. Calsyntenins are type-
I transmembrane proteins belonging to the
cadherin superfamily of cell adhesion molecules.
They are characterized by the presence of two
cadherin-like tandem repeats, an LG/LNS domain
in the extracellular region and an intracellular
region that carries two kinesin light-chain binding
domains (Hintsch et al. 2002; Konecna et al.
2006). All these regions are entirely conserved
in the three mammalian Calsyntenin genes,
clstn1, clstn2, and clstn3, as well as in the sole
C. elegans Calsyntenin ortholog, casy-1 (Hintsch
et al. 2002; Ikeda et al. 2008).

CASY-1 has recently been shown to regulate
the E-I balance at the NMJ in a unique way. The
casy-1 locus in C. elegans encodes three isoforms
expressed under alternative promoters based on
EST evidence (Reboul et al. 2001). CASY-1A, a
984 residue full-length protein, contains all the
conserved domains of mammalian Calsyntenins.
CASY-1B and CASY-1C are truncated proteins
encoding 167 and 160 residues, respectively, and
lack most of the conserved N-terminal of the
Calsyntenin gene. The shorter isoforms of
CASY-1, CASY-1B, and CASY-1C have been
reported to function specifically in GABA motor
neurons to regulate GABA release. The

conserved C-terminal in the shorter isoforms car-
ries a putative kinesin motor binding domain that
mediates fast axonal transport of GABA synaptic
vesicle precursors, thus modulating the release
kinetics of GABA at the NMJ (Thapliyal et al.
2018b). The longer CASY-1A isoform has been
reported to regulate excitatory acetylcholine
release via functioning in higher levels of neural
circuit regulating locomotion in C. elegans. This
study proposes the role of CASY-1A in
modulating the activity of sensory neurons and
allows for regulating glutamate release from these
neurons. In the absence of casy-1, excessive glu-
tamate is released from the sensory neurons
resulting in an overall increase in motor circuit
activity (Thapliyal et al. 2018a).

The C. elegans CASY-1 represents an interest-
ing model where three isoforms of the same gene
are expressed spatially to regulate entirely differ-
ent synaptic signaling processes (illustrated in
Fig. 14.2). The full-length CASY-1A functions
in sensory and interneurons to regulate glutamate
release, which could then modulate acetylcholine
release at the NMJ. On the other hand, the shorter
isoforms, CASY-1B and CASY-1C, function in
GABAergic motor neurons to regulate GABA
release dynamics via mediating trafficking of
GABA-specific synaptic vesicle precursors. This
highlights interesting isoform-specific functions
of a gene in C. elegans that ultimately regulates
the overall E-I balance at the NMJ.

Deregulation of the mammalian Calsyntenins
is thought to be coupled with age-related
conditions like Alzheimer’s and Parkinson’s dis-
ease; future investigations in this area based on
our work could provide a deeper understanding of
the pathology of these disorders.

14.3 Conclusions

An imbalance in excitatory-inhibitory (E-I) sig-
naling has been reported to be a major factor in
the pathogenesis of several neurological disorders
including Alzheimer’s disease, Parkinson’s dis-
ease, autism spectrum disorders, epilepsy, etc.
Despite such wide acceptance for E-I imbalance
as a cause for these age-related disorders, our
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understanding for the key genetic factors and
molecular mechanisms regulating this balance
has just started to evolve. This review is an effort
to establish the C. elegans NMJ as a viable model
to conduct such studies. The C. elegans NMJ
provides an efficient system amenable to a wide
variety of behavioral, genetic, and pharmacologi-
cal assays that allows well-defined readouts to
decipher mechanisms coordinating this balance
at the NMJ.

Future investigations aiming to identify other
genetic factors regulating this balance using
C. elegans NMJ as a model might provide novel
insights into mechanisms maintaining this bal-
ance in neural circuits.
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Induction of Apoptosis in Metastatic
Breast Cancer Cells:
XV. Downregulation of DNA
Polymerase-a – Helicase
Complex (Replisomes) and Glyco-Genes

15

Subhash C. Basu, Patrick Boyle, Rui Ma, Arun Agarwal,
Manju Basu, Joseph R. Moskal, Sipra Banerjee,
and Narendra Tuteja

Abstract

In normal and cancer cells, successful cell
division requires accurate duplication of chro-
mosomal DNA. All cells require a
multiprotein DNA duplication system
(replisomes) for their existence. However,
death of normal cells in our body occurs
through the apoptotic process. During apopto-
tic process several crucial genes are
downregulated with the upregulation of
caspase pathways, leading to ultimate degra-
dation of genomic DNA. In metastatic cancer
cells (SKBR-3, MCF -7, and MDA-462), this
process is inhibited to achieve immortality as

well as overexpression of the enzymes for the
synthesis of marker molecules. It is believed
that the GSL of the lacto family such as LeX,
SA-LeX, LeY, Lea, and Leb are markers on the
human colon and breast cancer cells. Recently,
we have characterized that a few apoptotic
chemicals (cis-platin, L-PPMP, D-PDMP,
GD3 ganglioside, GD1b ganglioside, betulinic
acid, tamoxifen, and melphalan) in low doses
kill metastatic breast cancer cells. The
apoptosis-inducing agent (e.g., cis-platin)
showed inhibition of DNA polymerase/
helicase (part of the replisomes) and also
modulated (positively) a few glycolipid-
glycosyltransferase (GSL-GLTs) transcriptions
in the early stages (within 2 h after treatment) of
apoptosis. These Lc-family GSLs are also pres-
ent on the surfaces of human breast and colon
carcinoma cells. It is advantageous to deliver
these apoptotic chemicals through the meta-
static cell surfaces containing high concentra-
tion of marker glycolipids (Lc-GSLs). Targeted
application of apoptotic chemicals (in micro
scale) to kill the cancer cells would be an ideal
way to inhibit the metastatic growth of both
breast and colon cancer cells. It was observed
in three different breast cancer lines (SKBR-3,
MDA-468, and MCF-7) that in 2 h very little
apoptotic process had started, but predominant
biochemical changes (including inactivation of
replisomes) started between 6 and 24 h of the
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drug treatments. The contents of replisomes
(replisomal complexes) during induction of
apoptosis are not known. It is known that
DNA helicase activities (major proteins cat-
alyze the melting of dsDNA strands) change
during apoptotic induction process. Previ-
ously DNA Helicase-III was characterized
as a component of the replication
complexes isolated from carcinoma cells
and normal rapid growing embryonic
chicken brain cells. Helicase activities were
assayed by a novel method (combined
immunoprecipitation-ROME assay), and
DNA polymerase-alpha activities were
determined by regular chain extension of
nicked “ACT-DNA,” by determining values
obtained from +/� aphidicolin added to the
incubation mixtures. Very little is known
about the stability of the “replication
complexes” (or replisomes) during the apo-
ptotic process. DNA helicases are motor
proteins that catalyze the melting of geno-
mic DNA during replication, repair, and
recombination processes. In all three breast
carcinoma cell lines (SKBR-3, MCF-7, and
MDA-468), a common trend, decrease of
activities of DNA polymerase-alpha and
Helicase-III (estimated and detected with a
polyclonal antibody), was observed, after cis-
platin- and L-PPMP-induced apoptosis.
Previously our laboratory has documented
downregulation (within 24–48 h) of several
GSL-GLTs with these apoptotic reagents in
breast and colon cancer cells also. Perhaps
induced apoptosis would improve the prognosis
in metastatic breast and colon cancer patients.

Keywords

Apoptosis · Anticancer drugs · Carcinoma
cells · Cis-platin · Caspase-3 · Caspase-9 ·
DNA polymerase-α · Helicase-III · GD3
ganglioside · GD1a ganglioside · D-PDMP ·
L-PPMP · Replication complex · Replisomes ·
SAT-2 · SAT-3 · SAT-4

15.1 Introduction

A cellular phenomenon, apoptosis (also known as
programmed cell death), was recognized over a
century ago (Wyllie 1987; Strasser et al. 2000). In
normal tissues, apoptosis is a regulated process,
which plays an important role in embryonic
development and cell turnover. It is also involved
in immune regulation and hormone-inducing
atrophy (Arends and Wyllie 1991). Apoptosis
maintains homeostasis by inducing cell death in
senescent cells (Fig. 15.1). On the other hand,
cancer cells die in a necrotic process. Precise
mechanism of auto-induction of the necrosis or
externally induced death in cancer cells is not
known. Cleavage of genomic DNA during onset
of apoptosis was recognized first in mouse
thymocytes treated with glucocorticoids (Wyllie
1980). The DNA laddering analyses after apopto-
tic induction by cis-platin were associated with
induction of Caspase-8 and Caspase-3 and have
been established in several metastatic carcinoma
cells of human colon (Colo-205) and breast
(SKBR-3, MCF-7, and MDA-468) (Basu et al.
2004a) origin. Cytotoxicity and induction of apo-
ptosis via activation of caspases and with mito-
chondrial membrane potential disruption of
human breast cancer cells (MCF-7 and
MDA-MB-231) by two novel platinum
(II) complexes Pt-10 [Pt2 (3-ethylpyridi-
ne)4(berenil)2] and Pt-11 [[Pt2 (3-butylpyridi-
ne)4(berenil)2] have been reported (Bielawski
et al. 2013). The same berenil-Pt (II) compounds
affected the cellular metabolism of estrogen-
positive breast cancer cells with degradation of
genomic DNA and induction of Caspase-3,
Caspase-8, and Caspase-9 (Agnieszka et al.
2014). Galagin (a flavonol found in Alpinia
officinarum galangal root) induces colon cancer
cell death via the mitochondrial dysfunction and
caspase-dependent DNA degradation pathway
(Ha et al. 2013).

In addition to breakdown of genomic DNA,
the inhibition of replication of genomic DNA
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during apoptotic induction in carcinoma cells has
been recognized only recently (Boyle 2005;
Boyle et al. 2006; Basu et al. 2012b, 2014).
DNA replication is an intricate process requiring
coordinated activity of a number of enzymes and
accessory proteins (Figs. 15.2a and 15.2b). These
proteins must rapidly and accurately coordinate
the discontinuous synthesis of the genomic DNA
once per cell cycle. The idea that an elaborate
multiprotein complex, the replisome, contains
and coordinates all the enzymatic activities of
DNA replication is highly plausible. After the
formation of the initiation complex, Cdc45
along with other proteins begins the recruitment
of replication-related proteins (Mimura et al.

2000; Aparicio et al. 1999; Zou and Stillman
2000; Walter and Newport 2000; Boyle 2005).

The eukaryotic genome DNA is replicated by
a multienzyme complex (Boyle 2005; Figs. 15.2a
and 15.2b), replisomes (Kornberg and Baker
1992; Benkovic et al. 2001; Chang et al. 1984;
Kelley 1993; Kroes et al. 2006; Kunkel and
Burgers 2008; Yao and O’Donnell 2009, 2010,
2016, 2017), which is expected to be associated
with over 30 different proteins. These complexes
contain a large number of replication-related
proteins including pol-alpha, pol-delta, primase,
PCNA, DNA ligase I, RF-C, RP-A, DNA
topoisomerases I and II, and DNA helicase
activities (or mini-chromosome maintenance fac-
tor (MCM)). Of the proteins included in the
replisomes, the proteins involved in elongation
of a DNA chain (pol-alpha, pol-delta, RF-C,
DNA helicases, MCM, DNA ligase I, and topo-
isomerase II) (Fig. 15.2a) are tightly associated
with the replisome complexes, while the proteins
involved in the initiation (RP-A, PCNA) have a
loose association with the complexes (Fig. 15.2a).
The observation that replisome complexes are
bound to the nuclear matrix suggests that
replisomes remain immobile while the DNA is
fed through these fixed complexes. A later study
in HeLa cells identified similar complexes of
620 kDa and 500 kDa along with a complex of
approximately 1 MDa containing proliferating
cell nuclear protein (PCNA) (Tom et al. 2002).
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Fig. 15.2a Model for a functional replication complex
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A 900 kDa complex containing replication pro-
tein was isolated from embryonic fibroblasts
(Maga and Hubscher 1996). An 18S complex
was identified from MCF-7 breast cancer cells
that was competent in SV-40 replication (Jiang
et al. 2002). SDS-PAGE analysis of the complex
showed the presence of at least 25 proteins rang-
ing from 20 kDa to 240 kDa. The isolation of
replication-competent eukaryotic replisomes has
been reported from several eukaryotic sources.
An early report showed a putative replisome,
isolated from human HeLa cells, was able to
catalyze SV-40 replication (Malkas et al. 1990).
Later reports showed the presence of a similar
complex exists in murine carcinoma (FMA-3)

cells (Wu et al. 1994), human breast carcinoma
cells (MCF-7) (Jiang et al. 2002), and human
leukemia (HL-60) cells (Lin et al. 1997). These
complexes contain a large number of replication-
related proteins including pol-alpha, pol-delta,
primase, PCNA, DNA ligase I, RF-C, RP-A,
DNA topoisomerases I and II, and DNA helicase
activities (Figs. 15.2a, 15.2b and 15.3; Boyle
2005) and are able to catalyze SV-40 replication.

DNA helicases (Table 15.1) catalyze one of
the most fundamental reactions in DNA metabo-
lism. The ability of DNA to transmit its genetic
information requires the transient formation of
ssDNA. Processes such as DNA replication,
recombination, and repair all require helicase
activity to proceed. Helicases, having these fun-
damental roles, are being characterized from
viruses (Goetz et al. 1988; Seki et al. 1990; Seo
et al. 1980; Costa et al. 1999; Lohman and
Bjornson 1996; Seo et al. 1993; Crute et al.
1991; Boehmer et al. 1993; Im and Muzyczka
1992; Wilson et al. 1991), prokaryotic cells
(Zyskind and Smith 1977; Shlomai and Kornberg
1980; Matson et al. 1983), and eukaryotic cells
(Holmes et al. 1986; Labib et al. 2000; Budd and
Campbell 1995; Yan et al. 1998). DNA helicases
are a class of enzymes (Table 15.1) that catalyze
the energetically unfavorable separation of
double-stranded DNA (dsDNA) to form single-
stranded DNA (ssDNA) using the hydrolysis of
nucleoside triphosphates, commonly ATP

b
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-Cdc6

-Cdc45

-Dpb11

-RP-A

-Pol-α/ Primase

-Pol-δ

-MCM10
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Fig. 15.2b A model for
DNA-fork propagation.
(Taken from Patrick John
Boyle’s Ph.D. Thesis,
2005)
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Fig. 15.3 Biological roles of DNA helicases
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(Fig. 15.3), as the source of energy for the reac-
tion (Lohman 1993; Lohman and Bjornson 1996;
Tuteja and Tuteja 2004). DNA helicases gener-
ally bind to ssDNA or ssDNA/dsDNA junctions
and translocate in a characteristic direction into
the adjacent dsDNA area (Fig. 15.2b). Movement
of the helicase into the dsDNA region disrupts the
hydrogen bonds linking and the subsequent dis-
ruption of the dsDNA containing ssDNA. The
movement and subsequent disruption of hydro-
gen bonding between the DNA strands require a
source of energy. As such, all known helicases
contain an intrinsic ssDNA-dependent NTPase/
dNTPase (commonly ATPase) activity which
hydrolyzes the gamma phosphate from a ribonu-
cleoside or deoxyribonucleoside-50-triphosphate
and uses the resultant energy to catalyze the
helicase activity. Although detailed mechanism
of helicase activity is presently unknown (Tuteja
and Tuteja 2004), it has been suggested that two
general mechanisms may exist. The mechanism
used by a particular helicase may be dependent on
the oligomeric nature of the enzyme (Fig. 15.2b).
Monomeric helicases are thought to simply bind
to ssDNA and translocate unidirectionally
(Lohman and Bjornson 1996). The level of pro-
tein assembly for most helicases investigated has
been oligomeric (often hexameric) (Hotta and
Stern 1978; McCulloch and Kunkel 2008). The
consequence of the oligomeric structure of
helicase is that the helicase will often contain
multiple nucleic acid binding sites. Perhaps olig-
omeric helicases unwind dsDNA by binding

dsDNA at several sites to all along the dsDNA,
thereby separating the dsDNA (Tuteja and Tuteja
2004). Helicases have been shown to have a
specific polarity of translocation along the DNA
strand. Helicases can be classified as 30- > 50 or
50- > 30; after binding to ssDNA, they move
according to the directions. In addition to polar-
ity, helicases can be classified according to
processivity. Processivity is defined as the num-
ber of base pairs unwound by the enzyme per
binding event. Highly processive helicases are
often involved in DNA replication, while the
helicases with lower processivity are often
involved in DNA repair (Enomoto et al. 1985).

Cis-platin is the first in a series of platinum-
based compounds that have demonstrated signifi-
cant and clinically relevant anticancer activity. It
was first synthesized and characterized almost
seven decades ago (Peyrone 1844). The antitumor
activity was recognized by Rosenberg and his
associates when they observed that E. coli
grown in an electric field exhibited filamentous
DNA growth as a DNA-damaging agents and
inhibition of bacterial cell division (Rosenberg
et al. 1965). It was reported that the cytostatic
effect was caused by electrochemical reactions
taking place at the platinum electrode forming
cis-platin compound, which was further proven
to have potent antitumor activity (Rosenberg et al.
1969). Cis-platin as a messenger of cell death by
apoptosis induction was recognized by Rossi and
Gaidano (2003) and our group as well, indepen-
dently, in colon (Colo-205) and breast carcinoma
cells (SKBR-3) (Boyle et al. 2003, 2006; Basu
et al. 2004b; Boyle 2005).

It is commonly believed that the cis-platin
binds to DNA and causes DNA damage by
inter- and intra-strand lesions by binding to the
N7 atoms of adjacent guanines. Cis-platin has
been shown to induce apoptosis in breast cancer
cells (SKBR-3, MCF-7, and MDA-468 (Basu
et al. 2004b) through activation of Caspase-3,
Caspase-8, and Caspase-9).

In addition to cis-platin, several other inducers
of apoptosis (tamoxifen, betulinic acid, L-PPMP,

Table 15.1 Different DNA helicases isolated from
human cells

Helicase Source References

I HeLa Tuteja et al. (1990)
II (Ku) HeLa Tuteja et al. (1994)
III HeLa Tuteja et al. (1992)
IV (nucleolin) HeLa Tuteja et al. (1991)
V (FBP) HeLa Tuteja et al. (1993)
VI HeLa Tuteja et al. (1995)
VIII (G3BP) HeLa Costa et al. (1999)

Patric John Boyle, Ph.D. thesis; 2005
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D-PDMP, GD3, and GD1b) (Fig. 15.4;
Structures) appeared to induce apoptosis in three
different breast carcinoma cells (SKBR3, MCF-7,
and MDA-468) (Basu et al. 2012b, 2004b, 2014,
2017a; Rui et al. 2004, 2009, 2011; Boyle et al.
2006) and colon carcinoma Colo-205 cells (Basu
et al. 2004a).

Our initial investigations (Kelley 1993; Kelley
et al. 1993b) with prostate cancer cells (PA-2 and
PA-3) established that cis-platin inhibited
immune-purified DNA polymerase-alpha by
binding to four –SH groups on the C-terminal
end of the DNA polymerase-alpha chain
(Fig. 15.5), displacing Zn+2 at the active site
(Figs. 15.6 and 15.7; Kelley et al. 1993b; Bose
et al. 1995, 1999). It is shown that Pt (II) binds to
thiol groups (in the protein chains) much stronger
than the N-7 of a guanine in free GMP or guanine
in the DNA chain (Bose et al. 1995). This led to
the hypothesis that cis-platin inhibits DNA
polymerase-alpha binding to the zinc-binding
domain, displacing the zinc and perturbing the
structure of the domain (Fig. 15.7). This hypothe-
sis was investigated further through a series of
NMR structural studies (Bose et al. 1995, 1999)
investigating the ability of the enzyme to bind cis-
platin. It was shown first that cis-platin is able to
bind near the zinc-binding domain—a synthetic
nonapeptide from DNA polymerase-alpha
(Fig. 15.6)—through the two cysteines separated
by a proline (Fig. 15.7) almost 5 Å apart. It was
later predicted that cis-platin binds to a 38-mer
from the Zn+2-binding domain of DNA
polymerase-alpha and causes severe structural
changes in the protein as determined by spectro-
scopic studies (Bose 2002). The results men-
tioned above regarding cis-platin and DNA
polymerase-alpha inactivation had been deter-
mined from the in vitro enzyme studies. In the
current studies, we sought to determine whether
cis-platin inhibition of DNA polymerase-alpha
occurs in the in vivo experiment with cultured
cells, in some marked biological effect,
apoptosis.

Cis-platin appears to be an apoptosis-inducer
ultimately killing the breast cancer cells
(Figs. 15.8, 15.9, 15.10, and 15.11). Our recent
studies (Basu et al. 2004a, b, c; Boyle et al. 2006)
indicated that cis-platin inactivation occurs in
both DNA polymerase-alpha and Helicase-III
perhaps by binding through Zn+2-binding
domains (Figs. 15.5, 15.6, and 15.7). Several
proteins in the replisomes are predicted to contain
Zn+2-binding domain. Further proof is necessary
to establish this hypothesis. Our recent observa-
tion showed inactivation of Helicase-III occurred
in the presence of cis-platin at the apoptosis
induction level (added 10 to 80 micromolar
concentration outside the breast cancer cells),
which will be discussed in the latter part of this
article.

15.2 Methods

15.2.1 Cell-Culture Conditions

Human breast carcinoma cell lines (SKBR-3,
MDA-468, and MCF-7) were grown in DMEM
medium, supplemented with 10% fetal bovine
serum, 100 unit/ml penicillin, 100 microgram/ml
streptomycin, and 50 mM L-glutamine. When
cells were 90% confluent, they were used for
passage or harvested for biochemical
investigations. Cell synchronization was
performed by treating the semi-confluent cells
twice each time with 0.5 mM hydroxyurea for
24 h under the same culturing conditions.
Hydroxyurea was then removed, and the cells
were treated with the apoptotic reagents
(Fig. 15.4) in the presence or absence of serum
(Basu et al. 2004a, b; Rui et al. 2004).

Breast cancer cells (MCF-7, MDA-468, and
SKBR-3) were treated with cis-platin under
indicated conditions (Figs. 15.8, 15.10, and
15.11). After treatment, the cells were harvested
and were suspended in four volumes of 50 mM
Tris-HCl (pH 8.0) buffer containing 1 mM
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EDTA, 2 mM MgCl2, 5 mM KCl, 0.1% PEG
(MW. 8000), and 5 mM aminoacetonitrile bisul-
fate (TEMPAK). Aminoacetonitrile bisulfate was
added to the buffer just prior to the

homogenization. When the total DNA
polymerase-alpha or Helicase-III activities were
determined, the homogenate was prepared by
three 15-s pulses by a Sonicator (Ultrasonics,
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15 Induction of Apoptosis in Metastatic Breast Cancer Cells. . . 205



Inc. Model W370 Sonicator; at setting 5). The
homogenate was maintained in the ice water tem-
perature (4 �C) during homogenization and ultra-
sonic treatment. The sonicated homogenate was
then centrifuged at 16,000�g for 1 h at 4 �C. The
resulting supernatant was divided (50–-
200 microliter portions) in the glass baby tubes,
covered with parafilm and stored at �18 �C for
further experiments. These fractions were assayed
for DNA polymerase-alpha (in the presence and
absence of aphidicolin) as described before

(Bhattacharya and Basu 1978; Ray et al. 1994;
Kelley 1993; Kelley et al. 1993b; Boyle 2005)
and DNA helicase (Boyle et al. 2003, 2006;
Boyle 2005) activities.

15.2.2 Isolation of the DNA
Polymerase-a/Helicase-III
Complex by Glycerol Density
Gradient Centrifugation

Three to 4 mg of soluble protein from breast
cancer cell-free extract in TEMPAK buffer with-
out sonic treatment were layered on the top of a
4.5-ml linear gradient of 10 to 30% glycerol in
20 mM HEPES buffer pH 8.0, 5 mM DTT, and
100 mM KCl. Centrifugation was carried out in a
SW 50/1-type rotor (Beckman) at 105,000�g for
16 h at 4 �C. Fractions of 0.5 ml were assayed for
immuno-detection (Fig. 15.12) of DNA
polymerase-alpha and helicase-III using specific
antibodies (Kelley et al. 1993a, b; Ray 1988; Ray
et al. 1994; Boyle et al. 2003; Boyle 2005) as
described below.

15.2.3 Dot-Blot Spot Tests
for Detection of DNA Pol-a
and Helicase-III Proteins
in Glycerol Gradient Fractions

Drops from the glycerol gradients were subjected
to Western dot-blot spot tests on nitrocellulose
papers (membranes) using a modified Western
blot detection procedure used to detect activation
of Caspase-3 as described below. Nitrocellulose

Cys Cys

Cys
Cys

cis-DDP Cys Cys Cys

NH3

NH3 NH3

Pt Pt

NH3

Cys

Zn

Fig. 15.6 A model for cis-platin inhibition of DNA polymerase-α

Fig. 15.7 Ensemble of simulated annealing structures
including side chains of the nonapeptide (ERGFKCPCPT)
of the Zn + 2-binding domain of DNA pol-α. (Bose et al.
1999)
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papers were washed with Tris-buffered saline
containing 8% bovine serum albumin for 1 h at
room temperature. The membrane was then
incubated for 12 h in blocking buffer containing
rabbit polyclonal anti-Helicase-III antibodies
(diluted 1:1000). The polyclonal antibody was
raised against purified helicase from HeLa cells
by Tuteja and his coworkers (Tuteja et al. 1992).
Similar nitrocellulose strips were treated with
mouse monoclonal anti-DNA pol-alpha SJK
132–20 (from ATCC) antibodies (diluted 1:500)
prepared in our laboratory (Ray 1988; Kelley
1993; Ray et al. 1994). The membranes were
then washed and incubated with anti-rabbit/or
anti-mouse IgG-alkaline phosphatase conjugate
(diluted 1:3000). Spots (antibody-alkaline phos-
phatase activity) were visualized (Fig. 15.12)

using NBT-BCIP reagent in AP buffer (0.1 M
Tris-HCl pH 9.5, 0.1 mM NaCl, 5 mM MnCl2).

15.2.4 Morphological Changes
of the Apoptotic Breast
Carcinoma Cells

Three breast carcinoma cell lines of human origin
(MCF-7, MDA-468, and SKBR-3) were
synchronized in 0.5% FBS-containing RPMI
1640 medium for 24 h twice. When the cells
were treated with cis-platin (Fig. 15.8) at the
indicated concentration (20–160 micromolar for
48 h), loss of cell numbers was observed. Mini-
mum loss was visible in MCF-7 cells; this may be
due to the fact that MCF-7 is a multidrug-resistant

Fig. 15.8 Morphological changes of apoptotic breast cancer cells treated with cis-platin
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(MDR) cell line. Nucleus condensation with all
three cell lines was observed. Enlargement of
volumes of cell lines suggested a marked apopto-
sis occurred in 48 h at 20 to 60–160 micromolar
concentrations. Under similar conditions in all
three cell lines, apoptosis was observed at 2–-
8 micromolar L-PPMP concentrations (data has
been published before; Rui et al. 2004; Rui 2008).
In order to confirm the apoptosis process, the
following fluorescence studies were performed.

15.2.5 Fluorescent Staining
of Migration
of Phosphatidylserine
to the Upper Leaflet (FSMPS-
UL) of the Apoptotic Cells

In a schematic diagram (Fig. 15.9), the principle
of the fluorescence experiment (FSMPS-UL) is
described. Breast carcinoma cells (MCF-7,

MDA-468, and SKBR-3) cultured on Falcon
Microslide System were synchronized two times
for 24 h by treatment with medium containing
0.5 mM hydroxyurea (as given above) before
treatment with apoptotic agents (e.g., cis-platin/
L-PPMP). The microplate (attached with cells)
was then washed two times with 5 mM TES
buffer (N-tris[hydroxymethyl]-2-aminoethane-
sulfonic acid) containing 150 mM NaCl. The
cells were then incubated in TES buffer
containing 25 μM PSS-380 and 0.25 microgram/
ml propidium iodide for 10 min at 37 �C. The
cell-staining buffer was removed; the wells were
washed with 0.2 mL TES buffer mixture and
soaked in 0.1 mL of fresh TES buffer mixture
for fluorescence observation (Fig. 15.10 after 6 h
and Fig. 15.11 after 24 h of treatment with cis-
platin). This is an easier and cheaper method
(Hanshaw and Smith 2005) than the Ca2+

�mediated annexin V binding of the phosphati-
dylserine on the cell surfaces (Gerke et al. 2005).

PC

APOPTOTIC REAGENTS

i) L/D-PPMP
ii) GD3/GD1b
iii) cis-Platin
iv) Betulinic Acid
v) Mephalan, etc
Vi Tamoxifan

PS

Nucleus

NON-APOPTOTIC
CARCINOMA CELL

Nucleus

APOPTOTIC/DEAD CELL

APOPTOTIC
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Me
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= DG-O-P-O-CH2-CH
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Fig. 15.9 Detection of phosphatidylserine flopping out with PSS-380 [a newly synthesized fluorescent dye. (Basu et al.
2004b, Koulov et al. 2003)]
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15.2.6 ROME Assay (Radioactive
Oligonucleotides in Membrane
Filtration Effluent Assay)

Helicase activities were routinely measured by
the extent of [3H]-oligonucleotides (>60 nt)
released from a [3H] calf thymus DNA substrate
prepared in the laboratory (Bhattacharya and
Basu 1978; Bhattacharya et al. 1979). Helicase
activity was determined by incubating [3H]-calf
thymus DNA (100,000 cpm/microgram CT
DNA) in 20 mM Tris-HCl pH 8.0, 1 mM
MgCl2, 4 mM ATP, 150 mM KCl, 8 mM DTT,
4% sucrose, and 100 microgram/ml BSA for 2 h

at 37 �C. The assay mixture was then diluted to
0.15 ml with water and filtered through a
Microcon-30 centrifugal filtration device
(Fig. 15.13).

An aliquot of the supernatant was spotted on
Whatman 1 MM chromatography paper and
subjected to descending chromatography using
0.1 M K-PO4 buffer pH 6.8 (containing
60 g/100 ml (NH4)2SO4 plus 2% n-propanol)
(Fig. 15.13). The radioactivity at the origin and
at the next 7 inches was quantitated (Boyle et al.
2003, 2006) by liquid scintillation-toluene system
(Moskal et al. 1974).

Fig. 15.10 Staining of apoptotic SKBR-3 cells with PSS-380 and propidium iodide after treatment with cis-platin for
6 h
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15.2.7 Detection of Activation
of Caspase-3 in Cis-Platin-
Induced Breast Cancer Cells

Breast carcinoma cells (SKBR-3 or MDA-468
cells, 0.5 � 106) were harvested after treatment
with cis-platin (50–150 micromolar) for 48 h and

were pelleted and resuspended in 0.1 ml lysis
buffer (62.5 mM Tris-HCl pH 6.8, 2.0% (w/v)
SDS, 10% glycerol, 50 mM DTT) followed by
breaking open the cells (homogenization) for
3 � 10 s sonication at 4 �C. The homogenates
were incubated for 1 h at 37 �C followed by
denaturation for 5 min at 95 �C. The samples
(containing 20–30 microgram proteins) were
loaded onto gels and subjected to SDS-PAGE
and transferred to a nitrocellulose membrane.
Nonspecific binding was blocked by incubation
in Tris-buffered bovine serum albumin as
described above. The membrane was then
incubated for 12 h in blocking buffer containing
rabbit polyclonal anti Caspase-3 antibodies
(diluted 1:1000; raised against full-length
Caspase-3). The N/C membranes were then
washed and incubated with anti-IgG-AP

Fig. 15.11 Staining of apoptotic SKBR-3 cells with PSS-380 and PI after treatment with cis-platin for 24 h

30% 10%
Pol-a

Hel-III

Fig. 15.12 Detection of DNA polymerase-alpha and
Helicase-III proteins by specific antibodies. (DNA pol-a/
SJK 237–70 MAb and helicase-III/PAb raised by Tuteja
et al. 1992)
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conjugate (diluted (1:3000) and visualized using
NBI-BCIP (Fig. 15.14). Similar results were
obtained with MDA-468 cells (results reported
elsewhere; Rui 2008). Since MCF-7 has the
defective Caspase-3 gene, similar results were
not obtained.

15.2.8 Determination
of Posttranslational Glycolipid:
Glycosyltransferase (GLTs)
Activities in Apoptotic
Carcinoma Cells (SKBR-3,
MDA-468, MCF-7, and Colo-205)

Activities of at least 10 GLTs (GalT-2, GalT-4,
GalT-5, GalNAcT-1, GlcNAcT-1, SAT-1,
SAT-2, SAT-3, SAT-4, and FucT-3, Fig. 15.15)
were determined before and after treatment with
the apoptosis inducers. The carcinoma cells
treated with cis-platin (20–80 micromolar) were
harvested in 0.2 M HEPES buffer (pH 7.2)
containing 0.32 M sucrose, 0.025 M EDTA, and
2 mM 2-mercaptoethanol or DTT. Cells were
homogenized in the Swiss Polytron homogenizer
(attached with a mini generator) for 3� 15-s pulse

(at 4 �C) for the apoptotic cells produced by cis-
platin inducers. The homogenates were pelleted at
10,000�g, and aliquots of small portions were
stored at �18 �C in micro-baby tubes or in 0.5-
ml Eppendorf snap-cap tubes after being properly
covered.

These GLTs (glycosyltransferases) catalyze
the intermediate steps for GD1a, GD3, GD1b
(in the Basu-Roseman pathway for ganglioside
biosynthesis; Fig. 15.15, left side), and SA-LEX

or H blood group active glycolipid biosynthesis
(in the Basu-Hakomori pathway, Fig. 15.15, right
side). Detailed procedures for the assay methods
for individual GLT have been published previ-
ously (Basu and Basu 1972, 1984; Basu et al.
1982, 1987, 1991, 1999, 2017a).

15.2.9 DNA Microarray Assay
for Transcriptional Expression
of mRNAs of GLTs

The total RNA from a cell sample was prepared
with Qiagen RNeasy Mini Kit. After the inducer
treatment (20–80 micromolar cis-platin for
2–24 h) in a T-25 cm flask (containing 5 � 106

5'
5'3'
3'

*  *  *

*  *  *

*  *  *

*  *  *

20 mM Tris-HCl buffer as
described in the methods.

Filtered through Centricon-30

Descending chromatography with 100ml
0.1 M K-PO4 pH 6.8, 60 g (NH4)2SO4, 2ml
n-propanol

Origin (oligonucleotides) counted in toluene based liquid scintillation counting system

Incubated for 2hrs. at 37°C

Filtrate spotted on Whatman-1MM Paper

= [3H] ACT-DNA
and [3H]
oligonucleotides

= [3H]
oligonucleotides [3H]

oligonuc.

[3H]
mononuc.

Fig. 15.13 ROME (radioactive oligonucleotide in membrane filtration effluent) assay of total helicase activities. (Boyle
2005; Boyle et al. 2003)
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cells), the treated cells were collected with trypsin
digestion and spun in 15-ml conical graduated
sterile tubes. The cells were washed with sterile
1X PBS once, and the pelleted cells were treated
with 350 microliter of BLT buffer, and the lysate
was passed through a blunt 21-gauge needle fitted
to an RNase-free sterile syringe. Then 350 micro-
liter of 95% ethanol was added and mixed well.
The sample was transferred to an RNeasy spin
column placed in a 2-ml collection tubes, and the
column was washed with 700 microliter buffers,
followed by centrifuging at 10,000�g for 15 s.

The flow through and two more washes with RPE
buffer wash were also discarded. RNeasy spin
columns were filled with 25-microliter RNase-
free water and placed in new 1.5-ml collection
tubes. The columns were centrifuged for 2 min at
10,000�g to elute the RNA. This step was then
repeated once with 25-microliter RNase-free
water, and the total RNA samples were then
stored at �70 �C for further analysis. The follow-
ing steps (Rui 2008; Kroes et al. 2006) were
performed using our previously published
methods until each chip was analyzed:

29KD
24KD

14.2KD

pro-caspase-3  p32

processed
capase-3

p20

cis-Platin / 48 hours

50μM 100μM 150μM SKBr3 Marker

p17

Fig. 15.14 Identification
of Caspase-3 activations by
Western blot (in SKBR-3
cells). (Basu et al. 2004a, b,
2012a; Rui et al. 2004,
2009)

Galβ1-4Glc-Cer
α2-3

SA

Galβ1-4Glc-Cer GlcNAcβ1 -3Lc2
SAT-1 GlcNAcT- 1

Glc-Cer
GalT-2

Ceramide

GlcTD-/L-PDMP
D-/L-PPMP

GalNAcβ1 -4Gal-Glc-Cer

SA

GM3

GalNAcT-1

Galβ1- 3GalNAc-Gal-Glc-Cer

SA

GM2

GM1

GalT-3

Gal-GalNAc-Gal-Glc-Cer

SA
α2-3

SA

SAT-4

GD1a

Lc3

Galβ1- 4GlcNAcβ1 -3Lc2

GalT-4

nLc4
SAT-3

Galβ1- 4GlcNAcβ1-3Lc2
α2 -3

SA
LM1

FucT-3

Galβ1-4Glc-Cer
GD3

SA
α2 -8

SA

SAT-2

GalNAcβ1 -4Gal-Glc-Cer

SA GD2

SA

GalNAcT-1

Galβ1-3GalNAc-Gal-Glc-Cer
GD1b

SA

SA

GalT-3

GlcNAcT-2

GlcNAcβ1 -3nLc4
inLc5

GlcNAcT-3

nLc4

Ii

GlcNAcβ1 -3

GlcNAcβ1 -6

Galβ1- 4GlcNAcβ1 -3Lc2

SA

SA-LeX

α1-3
Fuc

Galα1-4Lc2

Lc2
GalT-5’

GalNAcT-2Gb3

GalNAcβ1 -3Gb3
GbOsc4Cer

GalT-5

Galα1- 3Galβ1- 4GlcNAcβ1 -3Lc2

nLc5

i

I

BASU-ROSEMAN GANGLIOSIDE PATHWAY BASU-HAKOMORI BLOOD-GROUP GSL PATHWAY

Fig. 15.15 Biosynthesis of mono- and di-sialosyl
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Basu-Hakomori blood group GSL pathway. (Basu, S.
and collaborators (Rui et al. 2009); Basu et al. (2012a, b)
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1. RNA integrity examination: (Kroes et al. 2006;
Rui 2008; Rui et al. 2011).

2. Preparation of aminoallyl: RNA (amplified
aRNA) (Van Gelder et al. 1990; Kroes et al.
2006).

3. First-strand cDNA synthesis: (Rui 2008).
4. Second-strand cDNA synthesis and its purifi-

cation: (Kroes et al. 2006).
5. In vitro transcription of antisense RNA

(aRNA): (Kroes et al. 2006; Rui 2008).
6. Purification of aRNA: (Kroes et al. 2006; Rui

2008; Rui et al. 2011).
7. Dye coupling of aRNA: (Kroes et al. 2006; Rui

2008).
8. Chip hybridization: (Kroes et al. 2006; Rui

2008; Rui et al. 2011).

15.3 Results and Discussion

15.3.1 Detection of Apoptosis by
Phase-Contrast
and Fluorescence Microscopy

Synchronized breast carcinoma cells (SKBR-3,
MCF-7, and MDA-468) were treated with vary-
ing concentrations of cis-platin (20 to 60–-
80 microM) for 48 h and at first examined under
phase-contrast microscopy. MCF-7 was most
resistant and SKBR-3 was most sensitive for cell
death (Fig. 15.8).

To characterize the phosphatidylserine exter-
nalization (Fig. 15.9) on cell membrane, the
newly synthesized phosphatidylserine-binding
fluorescent dye (PSS-380) (Hanshaw and Smith
2005; Koulov et al. 2003) and DNA staining dye
propidium iodide (PI) were used with SKBR-3
carcinoma cells after treatment with cis-platin
(25–100 micromolar for 6 h (Fig. 15.10) and 10–-
100 micromolar for 24 h (Fig. 15.11). During our
studies in last one and half decades (results are
published elsewhere), these cells were treated
with different apoptotic agents (structures;
Fig. 15.4) for 6–24 h to obtain the minimum
time required for phosphatidylserine externaliza-
tion during apoptosis (Rui et al. 2004, 2009,

2011; Rui 2008; Basu et al. 2014, 2017a). The
treatment conditions are given above. Our
detailed study (Rui 2008; Rui et al. 2009, 2011;
Basu et al. 2012a, b, 2014, 2017a) showed that PE
externalization happened as early as 6 h of drug
treatment. At that time most of the cells (>80)
were still intact and not permeable to PI
(propidium iodide) since not many nuclei were
stained red. As apoptosis proceeded and the cells
were near the stage of lysis, they (cell
membranes) allowed the propidium iodide to per-
meate all the way through the plasma membrane
and nuclear membrane up to the binding of the
dye to the fragmented DNA. We saw the dark red
spots in the center of the cells (Fig. 15.11). At 6 h
the PSS-380 was staining PE migrated outside the
cell leaflet (Fig. 15.10), whereas at 24 h the
PSS-380 stained the nuclear membranes also
(Fig. 15.11) (detailed results were shown else-
where; Rui 2008; Rui et al. 2011).

15.3.2 Characterization of Replisome
Complex and Its Inhibition
During Apoptosis Induced by
Cis-Platin

After treatment with inducer, the same batch of
cells (with which fluorescence was observed) was
harvested without the fluorescence dyes and
processed up to cell-free extract as described
above and subjected to DE-23 column chroma-
tography (Ray 1988; Ray et al. 1994) or on glyc-
erol (10–30%) density-gradient
ultracentrifugation (Fig. 15.12) for separation of
DNA polymerase-alpha and helicases. Fractions
were assayed for DNA polymerase-alpha and
Helicase-III (assayed using ROME assay com-
bined with specific antibody-binding assay)
(Figs. 15.12, and 15.13); the effect of cis-platin
concentrations added to three different cell lines
(MCF-7, MDA-468, and SKBR-3) revealed that
DNA pol-alpha in all these cell lines were
inhibited (75–95%) by cis-Platin concentration
of 80 micromolar (Fig. 15.16). When the same
replisome fractions were tested for DNA helicase
activities (Fig. 15.17) at 80 micromolar concen-
tration of cis-platin, almost 70–95% inhibition
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occurred in MCF-7 and SKBR-3 cells, and almost
95% inhibition occurred in MDA-468 cells. We
previously established (Kelly 1993; Kelly et al.
1993b; Bose et al. 1995, 1999; Bose 2002) that in
the in vitro system, cis-platin with
immunopurified DNA pol-alpha from prostate
tumor (PA-2 and PA-3 cells) was inhibited by
binding in the Zn+2-binding domain and changed
the conformation of the vicinal nonapeptide
(Bose et al. 1999) and 35-mer peptide (Bose
2002). Whether the DNA helicase is also Zn+2-
bound protein is not established yet. Our present
report suggests that perhaps cis-platin passively
inhibit interaction of DNA helicase and DNA

polymerase-alpha during the induction of
apoptosis.

15.3.3 Activation of Caspases During
Cis-Platin Induction
of Apoptosis and Degradation
of DNA

A schematic diagram is drawn for the apoptotic
activation of caspases (Caspase-3, Caspase-8, and
Caspase-9 (Fig. 15.18). Cis-platin appeared to
activate Caspase-8 (Boyle et al. 2006), which in
turn activates Caspase-3 and finally causes DNA

Fig. 15.16 Effect of cis-
platin treatment on DNA
polymerase-α activity
present in different cell
lines

Fig. 15.17 Effect of cis-
platin treatment on helicase
activity present in different
cell lines
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degradation. It is expected that cis-platin probably
acts (Fig. 15.18) on the cancer cells (SKBR-3 or
MDA-468) through the EFSAP (external FADD
stimulated apoptosis pathway). Since MCF-7
cells have the defective gene for Caspase-3, the
final apoptosis in these cells may not occur by
FESAP or IMSAP (intrinsic mitochondrial
stimulated apoptosis pathway). Bypassing the
Caspase-3 activation step, how Caspase-8 is caus-
ing apoptosis in MCF-7 cells is not known yet.
Recently, with two dinuclear platinum
(II) complexes Pt-10 and Pt-11, strong antitumor
agents (capable of high apoptosis) were shown in
human breast cancer cells (MCF-7 and
MDA-MB-231) (Bielawski et al. 2013). During
the apoptotic effect, FADD and Caspase-8 were
activated in these human breast cancer cells more
efficiently than cis-platin at 50 micromolar con-
centration. Considering the toxic effect of cis-
platin as an anticancer drug, perhaps these new
generations of Pt-II compounds would be more

suitable to treat breast cancer patients provided
suitable drug delivery systems are discovered
(Fig. 15.19). The future feasibility of these new
Pt-II polynucleated drugs could be used in
picomolar quantities instead of toxic high micro-
molar concentrations (Table 15.2) needed for cis-
platin (in use) for treatment at the present time.

15.3.4 Modulation of Acidic Glycolipid
Biosyntheses During Apoptosis

The acidic glycolipids (GSLs) containing
N-acetylglucosamine, fucose, and sialic acids
are ubiquitous on the surfaces of breast and
colon carcinoma cells. At least eight GSL-GLTs
have been studied in the pathway of LeX and
SA-LeX (Fig. 15.15) in normal tissues (Basu
et al. 1982, 1987, 1999, 2000, 2017a, b; Basu
and Basu 1984; Higashi et al. 1985) as well as
in cancer cells in culture (Basu et al. 1991, 2012a,
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Fig. 15.18 Apoptosis signal pathways activated by different anticancer agents. (Rui et al. 2011)
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2014; Rui et al. 2011). Each step for in vitro
biosynthesis for LeX and SA-LeX is well
established through their product characterization
(Basu 1991). All these GSL-GLTs are proven to
have different gene sequences as well. These
GSL-GLTs are modulated during induction of
apoptosis by cis-platin and other inducers (e.g.,
L-PPMP, D-PDMP, tamoxifen, betulinic acid,
and melphalan; Fig. 15.4) (Rui et al. 2011; Basu
et al. 2012a, b, 2014, 2017a). Apoptosis induction
was visible by fluorescence studies between 6 h
and 24 h. (Fig. 15.9, 15.10 and 15.11). The breast
carcinoma cells incubated between 24 h and 48 h
with cis-platin or other inducers (Fig. 15.4)
showed marked inhibition (80–90%) of posttrans-
lational expression (activities) of those GSL-GLT
activities as summarized in Table 15.3 when
checked by in vitro assay systems described pre-
viously (Basu et al. 1987, 1999, 2017b). How-
ever, it was evident by DNA microarray studies
that during the first 2 h of induction of apoptosis,
mRNA expression of some of the crucial
GSL-GLTs involved in the marker antigen

biosynthesis is stimulated (1.3- to 1.5-fold)
(Table 15.4). They all are downregulated after
48 h as it was evident from GLT activity studies
(Table 15.3).

The cause of these glyco-gene regulations dur-
ing apoptotic induction in metastatic breast and
colon cancer cells is unknown and needs future
investigations for further explanations. These
apoptotic agents reported here could be employed
as a new generation of anticancer drugs after
proper delivery to patients at a nontoxic level
(Table 15.2). Our suggested targeted delivery of
nontoxic level apoptotic drugs (Table 15.4) could
be tested through the use of proper liposomes
coated with antibodies (polyclonal or monoclo-
nal, raised against cancer cell surface-specific
marker antigens, e.g.,GD3, GD1b, LeX, SA-LeX,
Lea, Leb, etc.) (Fig. 15.15).

The cancer chemotherapy through apoptotic
induction depends on the differences of the apo-
ptotic pathways between normal cells and cancer
cells (Letai 2017). Our present observation on
killing in vitro the three different human

Metastatic Cancer Cell
(Colon, Breast, Neuronal, Prostate)

Synthetic Liposomes

Containing: Apoptotic
Inducers(Drugs)/ cis-Platin,
Tamoxifen, Melphalan, Betulinic
Acid, L/D-PPMP,  L/D-PDMP,
Ceramides, GD3, GD1b, GT1b

SA-Lex (Marker Antigen)

SA-Le
a/or b Mab (CSLEX)

Fig. 15.19 Proposed
targeted delivery of
apoptotic agents containing
liposomes coated with
antibodies

Table 15.2 Expected lowering of apoptotic chemical concentration for therapeutic use in cancer treatment without
toxicity

Conc. used MDA-468 MCF-7 SK-BR-3

L-PPMP (1–20 μM) Do Do Do
Cis-platin (10–150 μM) Do Do Do
Betulinic acid (40–160 μM) Do Do Do
Doses to be lowered- μM to pM μM to pM μM to pM
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carcinoma cell lines (SKBR-3, MCF-7, and
MDA-468) after induction of apoptosis with dif-
ferent apoptotic agents (cis-platin, tamoxifen,
L-PPMP, and betulinic acid) supports the hypoth-
esis that the use of mixture of these agents would
be helpful for breast cancer treatment. In recent
years anti-apoptotic proteins of BCL-2 family
along with apoptotic inducing agents have gained
therapeutic importance in different cancer
treatments (Letai 2017).
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Dynamic Function of DPMS Is
Essential for Angiogenesis and Cancer
Progression

16

Zhenbo Zhang, Jesús E. Serrano-Negrón, Juan A. Martínez,
Krishna Baksi, and Dipak K. Banerjee

Abstract

Dolichol phosphate mannose synthase
(DPMS) is an inverting GT-A-folded enzyme
and classified as GT2 by CAZy. DPMS
sequence carries a metal-binding DXD motif,
a PKA motif, and a variable number of hydro-
phobic domains. Human and bovine DPMS
possess a single transmembrane domain,
whereas that from S. cerevisiae and
A. thaliana carry multiple transmembrane
domains and are superimposable. The catalytic
activity of DPMS is documented in all spheres
of life, and the 32kDa protein is uniquely
regulated by protein phosphorylation.

Intracellular activation of DPMS by cAMP
signaling is truly due to the activation of the
enzyme and not due to increased Dol-P level.
The sequence of DPMS in some species also
carries a protein N-glycosylation motif
(Asn-X-Ser/Thr). Apart from participating in
N-glycan biosynthesis, DPMS is essential for
the synthesis of GPI anchor as well as for O-
and C-mannosylation of proteins. Because of
the dynamic nature, DPMS actively
participates in cellular proliferation enhancing
angiogenesis and breast tumor progression. In
fact, overexpression of DPMS in capillary
endothelial cells supports increased N-glyco-
sylation, cellular proliferation, and enhanced
chemotactic activity. These are expected to be
completely absent in congenital disorders of
glycosylation (CDGs) due to the silence of
DPMS catalytic activity. DPMS has also
been found to be involved in the cross talk
with N-acetylglucosaminyl 1-phosphate trans-
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ferase (GPT). Inhibition of GPT with
tunicamycin downregulates the DPMS cata-
lytic activity quantitatively. The result is
impairment of surface N-glycan expression,
inhibition of angiogenesis, proliferation of
human breast cancer cells, and induction of
apoptosis. Interestingly, nano-formulated
tunicamycin is three times more potent in
inhibiting the cell cycle progression than the
native tunicamycin and is supported by
downregulation of the ratio of phospho-p53
to total-p53 as well as phospho-Rb to total
Rb. DPMS expression is also reduced signifi-
cantly. However, nano-formulated
tunicamycin does not induce apoptosis. We,
therefore, conclude that DPMS could become
a novel target for developing glycotherapy
treating breast tumor in the clinic.

Keywords

Angiogenesis · Asparagine-linked
glycoprotein · Breast cancer · Carbohydrate-
active enzyme · Dolichol phosphate mannose
synthase · Endoplasmic reticulum ·
Glycosyltransferase · Phosphoprotein · Protein
N-glycosylation · Unfolded protein response

16.1 Introduction

Asparagine-linked (N-linked) glycoproteins are
evolutionarily conserved (Banerjee et al. 2017;
Calo et al. 2010; Szymanski and Wren 2005;
Sinhoara and Maruyama 1973). The N-glycan
provides structural and functional stability while
adding flexibility to the glycoprotein. Glycan bio-
synthesis is elaborative and multi-compartmental,
requiring a stepwise addition of sugars either
from sugar nucleotides or from lipid
intermediates by specific glycosyltransferases.
Inadequate assembly of N-glycan leads to pheno-
typic changes developing infection, cancer, and
congenital disorders of glycosylation (CDGs),
among others. The biosynthetic process begins
at the endoplasmic reticulum (ER) with the
assembly of dolichol-linked tetra-decasaccharide

(i.e., Glc3Man9GlcNAc2-PP-Dol) and is
completed in Golgi prior to departing to their
final destinations (Kornfeld and Kornfeld 1985;
Helenius and Aebi (2004)). Dolichol phosphate
mannose synthase (dolichyl-phosphate β-D
mannosyltransferase, DPMS; EC 2.4.1.83) plays
a critical role in this process, especially for the
elongation of Man5GlcNAc2-PP-Dol to
Man9GlcNAc2-PP-Dol. DPMS is an inverting
GT-A-folded enzyme and classified as GT2 by
CAZy (carbohydrate active enZyme; http://www.
cazy.org). In addition to participation in N-glycan
biosynthesis, DPMS is also essential for GPI
anchor biosynthesis as well as for O- and
C-mannosylation of proteins in yeast and in mam-
malian cells (Banerjee et al. 2017; Banerjee 2012;
Fig. 16.1). The catalytic activity of DPMS is
present in vertebrates, non-vertebrates, fruit fly,
plants, fungi, slime molds, protozoan parasites, as
well as archaea (Banerjee et al. 2017). Human
chromosome 20q13.13 harbors the DPMS gene.

16.2 DPMS Exemplifies Unity
Among Structural Diversities

DPMS gene has been cloned from 39 different
species (archaea to human). Diversities are pres-
ent in their amino acid sequences, but similarities
have been observed between the B. Taurus
(bDPMS) and H. sapiens (hDPMS) homologs,
in one hand, and the DPMS between
S. cerevisiae and A. thaliana, on the other
(Fig. 16.2). The sequence alignment has also
detected a metal-binding signature (i.e., a DAD
motif) in all 39 species, a cAMP-dependent pro-
tein phosphorylation motif (i.e., PKA motif) in
38 species, and a potential N-glycosylation site
only in 20 species (Fig. 16.3). Computing the
hydropathy index (hydrophobicity) under
ExPASy Bioinformatics Resource Portal (http://
web.expasy.org/protscale/) (Gasteiger et al. 2005)
using the algorithm of Kyte and Doolittle (1982)
allowed examination of the hydrophobic interior
of the membrane-spanning region of DPMS
(Fig. 16.4). The positive indices around the
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amino acid residues aa104 to 124 and aa166 to
167 are separated by a hydrophilic region of
aa125 to 165 supported bDPMS with one
membrane-spanning region. The hydropathy
plot of bDPMS (Fig. 16.4a) is similar, if not
identical to that of the DPMS from human and
A. thaliana (Fig. 16.4b, c). The hydropathy plots
from S. cerevisiae and archaea however are
almost superimposable (Figs. 16.4d–f). The
PKA motif (solid lines in Fig. 16.4) is present in

between the two hydrophobic domains (one pre-
ceding and the other succeeding the motif)
(Fig. 16.4a–d). The hydropathy plots of DPMS
from H. sapiens, B. Taurus, and A. thaliana
(Fig. 16.4a–c) show four major hydrophobic
regions, whereas that for S. cerevisiae DPMS
displays a possibility for more than one
membrane-spanning domain (Fig. 16.4d). Given
the polarity index window of 19, any of these
regions could function as an ER membrane-

Fig. 16.1 DPMS-catalyzed reaction and the ER localiza-
tion of Dol-P and DPMS. (a) Schematic of the DPMS-
catalyzed reaction and the donor participation of dol-P-
man. (b) Detection of Dol-P by immunofluorescence
microscopy: Fixed capillary endothelial cells are incubated
with Ca2+-amphomycin (1 mg/mL) followed by anti-
amphomycin mouse monoclonal antibody and stained
with FITC-conjugated rabbit anti-mouse IgG (Gastl et al.
1997). (c) Detection of Dol-P by electron microscopy:
Thin sections from capillary endothelial cells on copper
grids are treated with Ca2+-amphomycin (1 mg/mL)
followed by anti-amphomycin mouse monoclonal anti-
body and stained with 20 nm gold-conjugated rabbit

anti-mouse IgG (x20,000 magnification). (d) Detection
of DPMS by immunofluorescence microscopy: Fixed cap-
illary endothelial cells are incubated with anti-DPMS rab-
bit polyclonal antibody (Kyte and Doolittle 1982) and
stained with Rhodamine-conjugated goat anti-rabbit IgG.
(e) Detection of co-localized Dol-P and DPMS by immu-
nofluorescence microscopy: Fixed cells are incubated with
Ca2+-amphomycin (1 mg/mL) followed by anti-
amphomycin antibody (mouse monoclonal) and anti-
DPMS antibody (rabbit polyclonal) before staining with
FITC-conjugated rabbit anti-mouse IgG and Rhodamine-
conjugated goat anti-rabbit IgG and collecting the images
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spanning domain and the binding site for Dol-P
(Fig. 16.5a). Sensitive fold recognition analysis
(http://bioinfo.pl/Meta) indicates they are similar
to one another at the primary, secondary, and
tertiary structure levels (Bujnicki et al. 2001)
and resemble the structure of the spore coat poly-
saccharide biosynthesis protein A (SpsA)
glycosyltransferase (GT) from Bacillus subtilis
(Tarbouriech et al. 2001). A 3-D model of
DPMS agrees nearly perfectly with the GT and
allows the identification of the active site cleft, its
properties, and a putative functional mechanism
(Lamani et al. 2006). Recent crystallographic

analysis of archaea DPMS strongly supports
Dol-P docks to the Ser135 in the PKA motif
(RKLISK) (Gandini et al. 2017).

16.3 Dynamicity in DPMS Catalytic
Function

Because of an apparent biosensing ability, the
catalytic activity of DPMS undergoes regulation
by cellular microenvironment as well as by
extracellular signaling (Banerjee et al. 1987;
Banerjee 1988). For example, capillary

Fig. 16.2 Unrooted phylogenetic tree with branch
lengths for DPMS sequences from 39 species. The
sequences of DPMS from different species are aligned,

and the dendrogram is generated using the CLUSTAL W
program (Kyte and Doolittle 1982 on the GenomeNet
server (http://www.genome.jp/tools/clustalw/))
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endothelial cells when cultured in the absence of
5% CO2 increase the DPMS catalytic activity by
lowering the Km for GDP-mannose by 33%. The
Vmax however remains unchanged (Table 16.1).
The N-glycosylation of cellular proteins
increases ~4.3 fold, but the cells exhibit poor
adherence to the matrix. The result is inhibition
of cellular proliferation (Banerjee 1988).

Insulin, a vital hormone for metabolism and a
growth factor, downregulates angiogenesis
in vitro irrespective of (i) the presence of high
(4.0 � 10�11 M)- and low-affinity (4.7 � 10�9

M) insulin receptors; (ii) 210,000 insulin
receptors per cell; (iii) ~30% increase in glucose
transport; (iv) increased glycosylation of a cellu-
lar marker N-linked glycoprotein Factor VIIIc;
(v) increased rate of Glc3Man9GlcNAc2-PP-Dol

(lipid-linked oligosaccharide; LLO) biosynthesis
and turnover; and (vi) 1.5–2-fold increase in the
DPMS activity. The conclusion of increased LLO
synthesis in insulin-treated cells may be indepen-
dent of elevating either the intracellular Dol-P
level or the DPMS gene transcription. Increased
secretion of Factor VIIIc, however, suggests the
possibility of existence of additional LLO pool
(s) and argues favorably that insulin retards the
growth of capillary endothelial cells but turning a
proliferative cell into a highly secretory cell
(Banerjee et al. 2015).

Epinephrine, on the other hand, a “fright, flight,
or fight” hormone prepares the cells to either com-
bat or escape upon binding and activating the
β-adrenoreceptors. Competitive ligand ([3H]-
DHA; dihydroalprenol) binding indicates the

Fig. 16.3 Alignment of amino acid sequence of DPMS.
The alignment of DPMS sequences from all 39 species
used the CLUSTALW program (Kyte and Doolittle 1982)
(http://www.genome.jp/tools/claustalw/). The PKA motif
is highlighted in blue (3d). The metal (Mn2+ or Mg2+)-

binding DAD motif is present in DPMS sequence from all
39 species and highlighted in green (3d). DPMS sequence
from some species has N-glycosylation site (Asn-X-Ser/
Thr) and highlighted in magenta (3e)
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Fig. 16.3 (continued)

228 Z. Zhang et al.



Fig. 16.3 (continued)
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Fig. 16.3 (continued)



presence of high (Kd¼ 0.27� 0.9� 10�9 M)- and
low (Kd ¼ 2.96 � 0.31 � 10�9 M)-affinity
β-adrenoreceptors (i.e., β1 and β2) on the capillary
endothelial cell plasma membrane. β1
adrenoreceptors, however, is three times more
potent than the β2 adrenoreceptors. 1.5-fold
increase in intracellular cAMP following isopro-
terenol (a nondiscriminatory β-agonist) treat-
ment indicates both receptors are coupled to
adenylate cyclase. Cholera toxin (100 ng/mL),
forskolin (1 � 10�6 M), as well as prostaglandin
E1 (1 � 10�3 M) mimic the β-agonist isoproter-
enol in enhancing the intracellular cAMP level
in capillary endothelial cells.

A time-dependent (2 h–32 h) increase in
DPMS activity is observed in microsomal

membranes from capillary endothelial cells
treated with 2 mM 8Br-cAMP (Fig. 16.5b).
High DPMS activity in isoproterenol-treated
cells is not due to an increased gene expression
because actinomycin D failed to block the
upregulation of DPMS activity (Baksi et al.
2008). Phosphorylation in vitro of microsomal
membranes by PKA also increases the DPMS
catalytic activity. Furthermore, purification of
phosphorylated DPMS by antibody affinity
chromatography detects a 32kDa phosphopro-
tein co-migrating with the DPMS activity
(Banerjee et al. 1999) (Fig. 16.5c, d), thus
establishing DPMS as a phosphoprotein and
corroborating with the presence of the PKA
motif in DPMS protein sequence.
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Fig. 16.4 Hydropathy profile of DPMS from five differ-
ent species. For scanning the polypeptide sequence of
DPMS, 19 amino acids are faulted as one window and
hydropathy index calculated based on one window. (a)
Bovine capillary endothelial cells; (b) human; (c)
A. thaliana (Arabidopsis plant); (d) S. cerevisiae (yeast);

(e) Archaea; and (f) superimposed yeast and Archaea
hydropathy profile. The hydropathic character of DPMS
was computed under ExPASy Bioinformatics Resource
Portal (http://web.expasy.org/portscale/) on the logarithm
established (Gasteiger et al. 2005) with a window of 19
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Fig. 16.5 Structure prediction of DPMS and the localiza-
tion of the phosphorylation target. (a) 99% of residues
modelled at >90% confidence. The model is generated
with Phyre2, a web-based services for protein structure
prediction. The phosphorylation target for human and
bovine DPMS is the amino acid 163, whereas it is the
amino acid 141 for the yeast DPMS. (b) DPMS activity in
ER membrane from capillary endothelial cells treated with
2mM 8Br-cAMP for 0 h–48 h., control (blue);

8Br-cAMP (red). (c) Antibody-affinity column chromatog-
raphy detects co-migration of the DPMS catalytic activity
and the phosphorylated DPMS. DPMS catalytic activ-
ity (green); 32P-protein (black). (d)32 P-labeled DPMS is
immunoprecipitated with anti-DPMS antibody, separated
by a 7.5% SDS-polyacrylamide gel electrophoresis, and
detected by autoradiography. (a) 1:1000 antibody dilution
and (b) 1:2000 antibody dilution

Table 16.1 Effect of CO2 deprivation on DPMS activity in capillary endothelial cells

Culture condition

Dol-P-man synthase activity

Km (μM) Vmax (pmol/mg protein/min)

Normal 0.09 (r ¼ 0.98) 18.4
Cultured in the absence of CO2 0.6 (r ¼ 0.9) 8.8

The cells are cultured for 24 h at 37 �C in the presence or absence of 5% CO2. The DPMS activity is assayed in cell
homogenate (Banerjee 1988)
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16.4 Consequences of Increased
DPMS Level on Lipid-Linked
Oligosaccharide (LLO)
and Asparagine-Linked (N-
Linked) Glycoprotein

Glc3Man9GlcNAc2-PP-Dol in the ER lumen is a
prerequisite for N-linked protein glycosylation.
Dol-P-man, the product of DPMS-catalyzed reac-
tion, is a key intermediate in the elongation of
Man5GlcNAc2-PP-Dol to Man9GlcNAc2-PP-Dol
for the synthesis of Glc3Man9GlcNAc2-PP-Dol
(LLO). Therefore, the N-glycosylation process is
expected to be highly regulated. To evaluate the
cellular consequences when dol-P-man and/or
DPMS catalytic activity is upregulated or
downregulated, we have considered the
following:

First, we have analyzed when the dol-P-man
level is higher compared to the control. These
studies are conducted in situ. A time-dependent
increase of 2-3H-mannose incorporation is shown
in dol-P-man, in LLO, and in proteins in capillary
endothelial cells treated with the β-agonist isopro-
terenol (Fig. 16.6a–c). The synthesis of LLO is
almost identical when the process is repeated with
intracellular cAMP-generating agents such as
8Br-cAMP, forskolin, cholera toxin, or PGE1

(Fig. 16.6d). Selective β1- and β2-antagonist aten-
olol or ICI 118,551 and the nonselective
β-antagonist propranolol block the stimulatory
effect of isoproterenol, quantitatively
(Fig. 16.6e). Importantly, the LLO turns over at
a faster rate (i.e., 5–7 min) in the presence of
isoproterenol compared to the control (~12 min)
(Fig. 16.6f). To verify that the increase in dol-P-
man in β-adrenoreceptor stimulates cells is not the
result of an increased level of intracellular Dol-P;
the experiments are conducted with exogenously
added Dol-P. The addition of exogenous Dol-P
enhances the LLO biosynthesis, but the effect is
additive when both isoproterenol and Dol-P are
present together (Fig. 16.6g).

Second, we have analyzed the influence of
β-adrenoreceptor activation on N-glycosylation
status. When the capillary endothelial cells are

pulsed labeled with [2-3H]-mannose for 0–4 h,
the mannose incorporation in glycoproteins is
higher in isoproterenol-treated cells (Fig. 16.6c).
To clarify, if the effect is related to enhanced
glycosylation and not due to increased protein
synthesis, the cells are labeled with [2-3H]-man-
nose (10 μCi/mL) and [14C]-leucine (1.25 μCi/
mL) in a continuous pulse for 1 h at 37 �C in the
presence of a β-agonist isoproterenol (1 � 10�9

M) with or without a β-antagonist atenolol or ICI
118,551 (5 � 10�8 M). The results indicate the
ratio of [3H]-mannose to [14C]-leucine
incorporation (a protein glycosylation index)
into protein is reduced by ~45% in cells in the
presence of β-antagonist. To analyze a specific N-
linked glycoprotein, we select the capillary endo-
thelial cell marker FVIIIc (Fig. 16.7a, b)
(Banerjee et al. 1992). Factor VIIIc, in general,
is a plasma glycoprotein with 2332 amino acid
residues and acts as a regulatory cofactor for
blood coagulation (Fay 1999; Kane and Davie
1988; Lenting et al. 1998).

Factor VIIIc (FVIIIc) is collected from cell
extracts and from the conditioned media by immu-
noprecipitation after dually labeling the capillary
endothelial cells with [2-3H]-mannose (10 μCi/
mL) and [35S]-methionine (40 μC/mL) for 1 h in
a serum-free/methionine-free low-glucose DMEM
(Bio-Fluids, Inc.) in the presence of isoproterenol
(1 � 10�7 M). The immunoprecipitates are
separated on 10% SDS-PAGE, and the radioactiv-
ity in excised bands is quantified in a liquid scin-
tillation spectrometer. A 73% increase in the ratio
of [2-3H]-mannose to [35S]-methionine is observed
in cellular Factor VIIIc, whereas the increase is
45% for the secretory FVIIIc.

16.5 Reflection of Increased Protein
N-Glycosylation
on Angiogenesis

The hallmark of cancer follows the core
principles of sustainability to proliferative signal-
ing, ability to evade growth suppressors, ability to
resist cell death, and ability to enable replicative
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immortality, angiogenesis induction, and
activating invasion and metastasis (Hanahan and
Weinberg 2011). Angiogenesis, i.e., neovascu-
larization, is also a key to breast tumor progres-
sion (Schneider and Miller 2005; Uhr et al. 1997;
Gastl et al. 1997). Significant components of
angiogenesis are endothelial cell migration, capil-
lary budding, establishment of capillary loops,
and neovascular remodeling (Folkman 2007).

The N-linked glycoproteins have been found
to play an important role in capillary endothelial
cell proliferation and differentiation (Banerjee

et al. 2015). Inhibition of “hybrid”- and
“complex”-type N-glycan synthesis, however,
has been suggested in the inhibition of capillary
tube formation. In contrast, inhibition of only
“complex”-type N-glycan, but not “hybrid”-type
N-glycan, does not inhibit the tube formation
(Nguyen et al. 1992, 1993; Pili et al. 1995).

Mentioned earlier, cells treated with a β-agonist
isoproterenol and/or various cAMP-producing
pharmacological agents exhibit increased DPMS
activity and the levels of dol-P-man, the LLO, as
well as the N-linked glycoproteins. To evaluate if

Fig. 16.7 Effect of cAMP enhancer on Factor VIIIc
expression. Detection of Factor VIIIc: (a) by fluorescence
microscopy. Cells cultured in chamber slides detect Factor
VIIIc in the perinuclear region of the cell after fixation and
processing for immunofluorescence microscopy with anti-
Factor VIIIc mouse monoclonal antibody. (b) By autora-
diography. Cells labeled with [35S]-methionine (40 μCi/
mL) for 1 h and lysed after separating from the media.

Factor VIIIc from both cell lysate and conditioned media is
immunoprecipitated with a mouse monoclonal anti-Factor
VIIIc antibody, separated on 10% SDS-PAGE and
exposed to X-ray film for detection. (c) Factor VIIIc
expression in cells treated with 8Br-cAMP. Cells cultured
with 2 mM 8Br-cAMP for 32 h harvested and processed
for two-color flow cytometric analysis
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these agentswould also increase the capillary endo-
thelial cell marker N-linked glycoprotein Factor
VIIIc and enhance angiogenesis, the level of Factor
VIIIc and the proliferation of capillary endothelial
cells are monitored after treating with 8Br-cAMP.
The results indicate that cells treated with 2mM 8-
Br-cAMP increase Factor VIIIc level (Fig. 16.7c),
exhibit morphological changes (Fig. 16.8a), and
increase cellular proliferation in a time-dependent
manner (Fig. 16.8b).

Since Factor VIIIc is a cofactor in Factor
IXa-dependent activation of Factor Xa during
blood coagulation, we propose Factor VIIIc
would analogously activate matrix metallopro-
teinases (MMPs) for capillary invasion to support
tumor growth. To evaluate if this could be true, the
capillary endothelial cells are cultured on plates

coated with growth factor-reduced Matrigel™ in
the presence or absence of anti-Factor VIIIc mono-
clonal antibody. The control inserts contained no
Matrigel™ coating. The chemoattractant used is
the conditioned media from MCF-7 human breast
cancer cells. The results indicate that anti-Factor
VIIIc monoclonal antibody blocks the Matrigel™

invasion of capillary endothelial cells (Table 16.2)
(Banerjee et al. 2011a, b).

16.6 DPMS Overexpression
and Angiogenesis

Activation of G-protein-coupled receptor (GPCR)
and enhancing the intracellular cAMP level by
pharmacological agents have claimed to impact

Fig. 16.8 Effect of cAMP enhancer on capillary endothe-
lial cell proliferation. (a) Cellular morphology following
8Br-cAMP treatment. Cells cultured in the presence or
absence of 2 mM 8Br-cAMP are examined microscopi-
cally after 32 h and 40 h. The images explain distinctive

cellular morphology following 8Br-cAMP treatment. (b)
Accelerated cellular proliferation in the presence of
8Br-cAMP. Cells are cultured in the absence or presence
of 2 mM 8Br-cAMP for 0 h–96 h. At desired times the
cells are removed and counted
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angiogenesis by enhancing the protein N-glyco-
sylation through activation of DPMS. This inter-
esting observation however has also raised a
question about the sustainability of the process.
The reasons are simple. These biological pro-
cesses are short-lived and need a steady supply
of the signal enhancer(s). It is therefore expected
that the tumors may circumvent these processes to
maintain the higher DPMS activity through an
alternative pathway. We then ask if cells consti-
tutively overexpressing DPMS could mimic the
above observation and promote angiogenesis. To
answer the question, we developed a stable cell
line of capillary endothelial cell overexpressing
DPMS (Zhang et al. 2010). These cells express
(i) high level of DPMS mRNA as judged by
qPCR (Fig. 16.9a); (ii) four times higher DPMS
protein as judged by the Western blotting and
immunofluorescence microscopy (Fig. 16.9b, c);
and (iii) most importantly ~108% higher DPMS
activity (Table 16.3). Immunofluorescence
microscopy with Texas Red-conjugated WGA
indicates a high level of GlcNAc-β-(1,4)-
GlcNAc-(1,4)-GlcNAc-NeuAc glycans (N-
glycans) on the plasma membrane of the cell
(Fig. 16.9d). When examined, the DPMS
overexpressing cells outperform the cellular pro-
liferation and their chemotactic activity of the
cells expressing scrambled gene (i.e., control) or
the wild-type capillary endothelial cells
(Fig. 16.9e, f). Thus, supporting unequivocally
DPMS is indeed an intracellular regulator of
angiogenesis.

16.7 Inhibition of DPMS Catalytic
Activity Is Anti-angiogenic
and Anti-tumorigenic

(a) Targeting DPMS directly: One lingering
question is, what happens when the DPMS
or its catalytic product dol-P-man is in short
supply? To answer the question, we have
used a naturally occurring lipopeptide
amphomycin (Mr1290 Da). Amphomycin
forms a complex with Dol-P in the presence
of Ca2+. The interaction is highly specific
and is lost if Ca2+ is either chelated, or
replaced with other divalent cation, or the
N-terminal fatty-acylated aspartic acid is
removed by mild acid hydrolysis (Banerjee
1989, 1994). The apparent Km for
GDP-mannose for dol-P-man synthesis in
the presence or absence of amphomycin
was 1.08 μM and 1.37 μM, respectively,
whereas the Vmax was 0.17 pmol/mg pro-
tein/min in the presence of amphomycin as
compared to 1.86 pmol/mg protein/min in its
absence. On the other hand, when the DPMS
activity is measured as a function of Dol-P,
the presence of amphomycin changes the
substrate-velocity curve from a rectangular
hyperbola to a sigmoid. The Hill coefficient
(n) for each of this reaction is found to be
2.02 in the presence and 1.22 in the absence
of amphomycin. The corresponding Km

values however for Dol-P are 333 μM and
47.3 μM, respectively. The inhibitory effect

Table 16.2 Anti-factor VIIIc antibody prevents Matrigel™ chemoinvasion of capillary endothelial cells

Sample
Control insert (cell
number)

Growth factor reduced (cell
number)

%
Invasion

Control 5668 � 788 2078 � 0 37
Anti-Factor VIIIc antibody
(100 ng)

2372 � 612 80 � 0 2.4

The cells are cultured on Biocoat plates with growth factor-reduced Matrigel™ in the presence or absence of anti-Factor
VIIIc mouse monoclonal antibody for 24 h at 37

�
C. The chemoattractant used is conditioned media from human breast

cancer cells MCF7. The inserts are processed, and the number of cells passed through the membrane pores is counted
under a microscope
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of amphomycin could only be overcome
with increasing amount of Dol-P (Banerjee
et al. 1981). When added to a culture of
capillary endothelial cells, amphomycin
inhibited cellular proliferation in a dose-
dependent manner, thus supporting further
that angiogenesis indeed depends on DPMS.

(b) Inhibiting the cross talk between DPMS and
N-acetylglucosaminyl 1-phosphate transfer-
ase (GPT): GPT is essential for N-glycan
biosynthesis. Based on the studies we have
performed earlier with microsomes from
β-agonist isoproterenol-treated rat, parotid
acinar cells exhibit enhanced catalytic activ-
ity of both DPMS and GPT (Banerjee et al.
1985). The subsequent studies further con-
firm exogenous addition of dol-P-man
activates the GPT activity in vitro (Kean
1982). To evaluate if there is a cross talk
between DPMS and GPT, we use a specific
inhibitor of GPT tunicamycin and examine
the DPMS activity in capillary endothelial
cells. Excitingly, the tunicamycin-treated
capillary endothelial cells lose their ability
to synthesize dol-P-man (Fig. 16.10a)
(Martinez 2002). The result is inhibition of
LLO synthesis and reduction/or no protein
N-glycosylation (Fig. 16.10b). The
consequences are cell cycle arrest and induc-
tion of apoptosis (Fig. 16.9c, d).
Tunicamycin equally inhibits the human
breast cancer cell MDA-MB-231 (triple

negative; ER�/PR�/Her2�) proliferation
(Fig. 16.10e), and the progression of a
double-negative (ER�/PR�/Her2+) breast
tumor progression in athymic nude mice
(Fig. 16.11) (Banerjee et al. 2011a, b).

16.8 Nanoformulation Enhances
Anti-angiogenic Efficacy
of Tunicamycin

Nanoparticle (<100 nm) evades the immune sys-
tem. To evaluate if nano-formulated tunicamycin
would have a better efficacy for treating breast
cancer, we have synthesized tunicamycin
nanoparticles. When tested, tunicamycin gold
nanoparticles (Au NPs) inhibit DPMS expression
(Fig. 16.12a) and inhibit capillary endothelial cell
proliferation, i.e., angiogenesis ~50% within 1 h,
whereas the native tunicamycin has no effect
(Fig. 16.12b). The nano-formulated tunicamycin
also blocks the cell cycle progression, but the
effect is much sooner than with native
tunicamycin (Figs. 16.12c and 16.13a, b). Mech-
anistically, tunicamycin downregulates the cell
cycle progression by inhibiting the phosphoryla-
tion of p53 and Rb proteins but does not induce
apoptosis (Fig. 16.13c). The observation is novel
and has opened the door for further investigation
on the noncanonical pathway of apoptosis
(Banerjee et al. 2013).

Table 16.3 DPMS activity in DPMS-overexpressing capillary endothelial cells

Sample Dol-P-Man (pmol/mg protein/5 min mean � SD p-valuea

pEGFP-N1 vector 44.06 � 1.2
DPMS overexpressing cells 47.73 � 2.1 �0.04

Total cell lysates from control and DPMS overexpressing cells are used for the enzyme assay (Zhang et al. 2010)
aAnalyzed by student t-test
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16.9 Conclusion

The presence of an active DPMS either in
tumor microvascular endothelial cells or in
tumor tissue is essential for tumor progression.
By developing an appropriate biochemical as
well as cell/molecular biological tools and/or

taking genetic approaches, we have concluded
that dynamic functioning of DPMS is the key to
upregulation of angiogenesis and breast tumor
progression. Therefore, DPMS is expected to be
a new target for developing next-generation anti-
angiogenic/anti-tumorigenic glycotherapy for
treating breast cancer.
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Fig. 16.12 Nano-formulated tunicamycin is three times
more potent than the native formulation. (a) Nano-
formulated tunicamycin (1 μg/mL) reduces the DPMS
activity by ~75% in 1 h, whereas the native formulation

reduces the activity by only 15%. (b) The viability of
capillary endothelial cells also reduces to almost 50%.
(c) The level of cyclin D1, CDK4
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capillary endothelial cells. P53 is a transcription factors
and often considered as the gatekeeper for the cell cycle.
(a) The expression of total and phosphorylated (serine-
392) is measured by Western blotting. The ratio of
phospho-p53 to total p53 is 1.0 in cells treated with native
tunicamycin, but the ratio is 0.1–0.2 in cells treated with

nano-formulated tunicamycin. (b) Rb is a cell cycle inhib-
itor protein. The ratio of phosphorylated Rb (ser-249/
Thr252) to total Rb reduces by 34.4% and 64.2%, and it
is only 20% in cells treated with native tunicamycin.
Activation of pro-caspase 9 to caspase 9 in the aptosome
is the initiation of the apoptotic process. (c)
Downregulation of caspase-9 indicates that inhibition of
cellular proliferation is not due to apoptosis
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Benzothiophenes as Potent Analgesics
Against Neuropathic Pain 17
Saurabh Yadav, Vishnu Kumar Dwivedi, Sarika Gupta,
and Avadhesha Surolia

Abstract

Neuropathic pain arises because of neuronal
injury. Unlike inflammatory pain which can be
managed by classical nonsteroid anti-
inflammatory drugs (NSAIDs), neuropathic
pain is difficult to treat. The classical NSAIDs
work through inhibition of cyclooxygenase
2 (COX2) enzyme. However, COX2 inhibitors
are insufficient to treat neuropathic pain.
Hence, it becomes important to explore for
novel molecules acting through cell surface
molecules like ion channels, for the treatment
of neuropathic pain. We investigated multiple
bromobenzothiophene carboxamides for their
efficacy against neuropathic pain. Interest-
ingly, AS6 was found to be very effective in
treating neuropathic pain through inhibition of
Kv4.3 ion channel. AS6 also reduced the
COX2 overexpression associated with neuro-
pathic pain. These results as well as results
from our previous study indicate that AS6
can be a potent antinociceptive agent against
both inflammatory and neuropathic pain.

Keywords

Neuropathic pain · NSAIDs · COX2 ·
Bromobenzothiophenes · Inflammation

17.1 Introduction

Pain evolved as a warning toward potential haz-
ardous stimuli and can be broadly classified into
inflammatory and neuropathic pain. Inflammatory
pain is associated with tissue injury due to physi-
cal injury or infection. It is accompanied with a
heightened immune response. As a result, inflam-
matory pain is modulated by a plethora of inflam-
matory mediators majority of which are well
characterized (Kidd and Urban 2001). Conse-
quently, inflammatory pain is comparatively
well managed. Nonsteroid anti-inflammatory
drugs (NSAIDs), most of which are inhibitors of
COX2, substantially reduce inflammatory pain
(Bruno et al. 2014; Rainsford 2007). On the con-
trary, neuropathic pain originates as a result of
nerve damage, and often not associated with
heightened inflammation and immune response
(Millan 1999). As a result, notion that immune
modulators have little or no role to play in the
pathophysiology of neuropathic pain was preva-
lent. However, subsequent to nerve damage,
Wallerian degeneration leading to myelin break-
down, activation of Schwann cells, and influx of
macrophages occurs, and pro-inflammatory
mediators, predominantly from microglia and
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infiltrating macrophage, play important role in the
development of neuropathic pain (Ma and
Quirion 2008; Durrenberger et al. 2004, 2006).
The idea that inflammatory mediators play impor-
tant role in neuropathic pain has gained interest.

Chronic neuropathic pain is a major
debilitating condition and difficult to treat.
About 7–10% human population suffers with
neuropathic pain-like characteristics (Van Hecke
et al. 2014). The mechanism of neuropathic pain
is still not completely understood. Treatments
against neuropathic pain are often inadequate as
most of the patients either do not respond to
classical NSAIDs or the response is very weak
(Vo et al. 2009). Multiple drugs have been pro-
posed based on various new pathways discov-
ered; however so far none of the lead molecules
have been found to be universally effective.

The cyclooxygenase 2 (COX2) enzyme plays
an important role during inflammatory pain
development. COX2-dependent prostaglandin
E2 (PGE2) induces inflammatory and nociceptive
effects through the EP1–4 receptors. These EP
receptors are upregulated in the neurons during
neuropathic pain (Ma and Eisenach 2003).
Although no significant upregulation of COX2
is observed in the neurons during neuropathic
pain, it is dramatically upregulated in Schwann
cells and invading macrophages in injured nerves
of both rats and humans (Durrenberger et al.
2006). Concurrently, PGE2 is also known to be
upregulated in these tissues. Despite all these
components being there, COX2 inhibitors are
surprisingly ineffective in treating neuropathic
pain (Vo et al. 2009). In our previous study, we
showed that benzothiophene carboxamide
compounds (AS compounds) were effective in
relieving inflammatory pain (Pathak et al. 2014).
In the present study, we show benzothiophene
carboxamide AS6 as potent analgesic against
neuropathic pain.

17.2 Results

17.2.1 Treatment of AS Compounds
Alleviates Neuropathic Pain
in Rats

Neuropathic pain models and control rats were
randomly divided into groups of 8–12 animals
each. To test the effect of AS compounds on
neuropathic pain, we injected (IP intraperitoneal)
three compounds AS4, AS6, and AS8 at the dos-
age of 15 mg/kg body weight of the animals (the
dosage which was found to be effective in our
previous study) (Pathak et al. 2014). Sham
animals were injected with the vehicle solution.
Injection of AS6 completely abrogated mechani-
cal hyperalgesia and thermal hyperalgesia in the
neuropathic pain rat models (Fig. 17.1a and b).
Interestingly AS4 and AS8 were not effective in
relieving neuropathic pain.

17.2.2 AS6 Effectively Reduces Pain
through Multiple Routes
of Application

Next, we tested the different routes of application
of AS6 compound. AS6 was given at a dosage of
15 mg/kg body weight through oral, intraperito-
neal (IP), and intravenous (IV) to the neuropathic
rat models (8–12 animals per group). AS6 was
effective in relieving neuropathic pain through all
these routes; however, intravenous injections
were found to be most effective (Fig. 17.2).

17.2.3 Systemic Injection of AS6 Is
Better than NSAIDs
in Alleviating Neuropathic Pain

We compared the efficacy of AS6 with multiple
NSAIDs in managing neuropathic pain upon
intraperitoneal injections to the rat models. Rats
were randomly divided into multiple groups

246 S. Yadav et al.



Fig. 17.1 AS6 injections
relieved neuropathic pain
in the rat models.
Intraperitoneal
(IP) injections of AS6
(15 mg/kg body weight)
relieved both mechanical
allodynia (a) and thermal
hyperalgesia (b) in rat
models. Injections of AS4
and AS8 (both at 15 mg/kg
body weight) did not affect
neuropathic pain in the rat
models. Sham surgery rats
were used as healthy
(Sham) control (n ¼ 8–12
animals per group)

Fig. 17.2 Systemic
administration of AS6
relieved neuropathic pain
in the rat models. Oral
administration and
intraperitoneal (IP) and
intravenous injections of
AS6 (15 mg/kg body
weight) relieved
mechanical allodynia in rat
models. Neuropathic pain
models treated with vehicle
solution (placebo) showed
no pain relief (n ¼ 8–12
animals per group)
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(8–12 animals each). Each group was treated with
one drug with their respective best dosages.
Placebo-treated group was injected with the vehi-
cle solution for AS6 compound. The results
showed the efficacy of the AS6 compound in
treating neuropathic pain. Interestingly, the effect
of AS6 was comparable to that of morphine
(Fig. 17.3a). Previously we showed that these
benzothiophene carboxamides reverse inflamma-
tory pain by downregulating COX2. We tested
the COX2 expression in the spinal cord of rat
models treated with AS6. Fascinatingly, we
found that treatment of AS6 reduced the expres-
sion of COX2 in neuropathic rats as compared to
placebo-treated rats (Fig. 17.3b). These results
suggest that AS6 is a better analgesic than classi-
cal NSAIDs, and it exerts its effect through
downregulation of COX2.

17.2.4 AS6 Molecule Is Important
for the Analgesic Effect

AS6 being a carboxamide compound is prone to
degradation upon injection. We tested the degra-
dation products of AS6 compound for their

analgesic effects. Both BTCA and 4FBA (degra-
dation products of AS6) did not have any
antinociceptive effect on neuropathic pain models
(Fig. 17.4a). The carboxamide compounds are
prone to degradation; we changed the
carboxamide bonds to thioamide. The
benzothiophene thioamide AST6 (AST6
thioamide AS6), along with other AST
compounds, was injected intraperitoneally to a
group of neuropathic pain models. The results
show that like AS6, AST6 was effective in
treating neuropathic pain. Other AST compounds
were not found to be very effective for neuro-
pathic pain treatment (Fig. 17.4b).

17.2.5 AS6 Inhibits KV4.3 Ion Channel

To identify the mechanism behind regulation of
COX2 by the AS6, we tested the effects of AS6
on ion channel inhibition. We tested the AS6
compound against Kv4.3. AS6 significantly
inhibited Kv4.3 channel current at a concentration
of 30 μM. This result indicates that AS6 may regu-
late the neuronal electrical properties by interfering
with the ion channel conductance (Fig. 17.5).

Fig. 17.3 (a) Minimum effective dosage of AS6 for
neuropathic pain relief in the rat models. Intravenous
injections of AS6 (at 15 and 20 mg/kg body weight)
relieved mechanical allodynia in rat models. Neuro-
pathic pain models treated with 10 mg/kg AS6 dose
showed no significant pain relief. A group of neuropathic
pain rats treated with morphine (4 mg/kg body weight)
was used as positive control. Sham surgery rats were used

as healthy (Sham) control. (n ¼ 8–12 animals per group).
(b) Intravenous injections of AS6 (at 15 mg/kg body
weight) COX2 expression in the spinal cord lumbar
region L4-L6 of neuropathic pain rat models. Lysates
from the same region of neuropathic pain models treated
with indomethacin, AS4, or morphine showed no signifi-
cant difference in COX2 expression as compared to
vehicle-treated neuropathic pain animals
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17.3 Discussion

The mechanism behind initiation and sustenance
of neuropathic pain were thought to be different
than inflammatory pain. However, of late inflam-
matory mediators have been reported to play
important role in neuropathic pain development.
Multiple inflammatory mediators like IL-1β,
TNFα, etc. have been shown to play important
role in neuropathic pain development (Zelenka
et al. 2005). Interestingly, the role of COX2, an
important mediator of inflammatory pain, is not
very clear in the pathophysiology of neuropathic

pain. Upregulation of COX2 during neuropathic
pain has been established in the infiltrating
macrophages. Similarly, increased expression of
both PGE2 and EP1–4 receptors has been shown
(Ma et al. 2010; Durrenberger et al. 2006). How-
ever, the efficacy of COX2 inhibitors (most of
which are classical NSAIDs) in neuropathic pain
management remains debatable (Vo et al. 2009).
Though enhanced expression of all the
components of COX2 pathway has been shown
in the spinal cord of the neuropathic pain models,
why NSAIDs fail in providing pain relief during
neuropathic pain is still an open question.

a

b

Fig. 17.4 (a) AS6 as a molecule was effective for neu-
ropathic pain treatment in the rat models. Intravenous
injections of AS6 (at 15 mg/kg body weight) relieved
mechanical allodynia in rat models. Neuropathic pain
models treated with the degradation product of AS6,
BTCA, and 4FBA at the same concentration of 15 mg/kg
showed no significant pain relief. Sham surgery rats were
used as healthy (Sham) control (n ¼ 8–12 animal per
group). (b) AS6 and AST6 molecules were most effec-
tive for neuropathic pain treatment in the rat models.
Intravenous injections of AS6 (at 15 mg/kg body weight)
relieved mechanical allodynia in rat models. Neuropathic

pain models treated with other AS compounds at the same
concentration of 15 mg/kg showed no significant pain
relief. Indomethacin treatment was ineffective in treating
neuropathic pain in the rat models. Sham surgery rats were
used as healthy (Sham) control. (Fig. 17.4b lower panel)
Intravenous injections of AS6 thioamide analogue (AST6)
at a concentration of 15 mg/kg body weight reduced neu-
ropathic pain in the rat models. All other AS thioamide
analogues (at 15 mg/kg) were ineffective in treatment of
neuropathic pain. Sham surgery rats were used as healthy
(Sham) control. (n ¼ 8–12 animals per group)
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In our previous study, we have shown that the
AS compounds act through downregulation of
COX2 to relieve inflammatory pain (Pathak
et al. 2014). To test the efficacy of AS compounds
in neuropathic pain, we treated the neuropathic
pain models with these compounds. The results
showed that AS6 was exceptionally effective in
neuropathic pain treatment at concentrations
much less than that of classical NSAIDs. Its effi-
cacy was equivalent to morphine. The systemic
injection of AS6 reduced the pain sensitivity of
the animal models, whereas the systemic
injections of multiple NSAIDs even at their best
reported dosages did not affect the pain threshold
in the same models. AS6 was effective upon any
type of systemic injection (viz., intravenous, oral,
or intraperitoneal). This led us to ask the question
if systemic injection of AS6 can downregulate
COX2 in the spinal cord. We tested for the
expression of COX2 in the spinal cord of the
treated rats and compared it with the placebo-
treated rats. Western blot show that AS6
treatments reduce the expression of COX2 in the
spinal cord of the rats. This result confirms that
systemic injections of AS6 can reduce COX2
expression in the spinal cord. The possible
reasons behind inconsistent results of COX2
inhibitors could be multiple. Most of the NSAIDs
are acidic moieties and hence may not cross the
blood-brain barrier effectively. Their IC50 against
COX2 varies. Although they inhibit the

enzymatic activity, they have been found to
upregulate the expression of COX2 upon applica-
tion (Paik et al. 2000). All these variables may be
responsible for the inconsistencies with the
NSAID treatment. However, benzothiophene
carboxamides being hydrophobic could cross the
blood-brain barrier easily, and it works through
downregulation of COX2 expression and hence is
more effective. We tested the degradation product
of AS6 to confirm if AS6 molecule or its degra-
dation products are responsible for its analgesic
effects. The data confirmed that AS6 as a mole-
cule is responsible for the observed pain relief.
We tested if changing the carboxamide bond to
thioamide bond could increase the duration of
pain relief by reducing the rate of degradation of
carboxamide bond. However, changing
carboxamide to thioamide did not have any effect
on the efficacy of the compound. This led us to
conclude that the time course of the effects of
AS6 is because of its metabolic clearance. We
also tested the AS6 for its inhibitory potential
against ion channels. The results show its efficacy
in inhibiting Kv4.3 ion channel. This shows that
the molecule can interfere with the ion channel
conductance to inhibit pain perception.

The role of COX2 in pathophysiology of
inflammatory pain is well established. During
neuropathic pain, the upregulation of COX2,
PGE2, and EP1–4 could induce neuronal hyper-
excitability. However, the role of COX2 in

Fig. 17.5 AS6 inhibited Kv4.3 ion channel. Kv4.3 potas-
sium channel (encoded by the human KCND3 gene) was
overexpressed in HEK293 cells. The assay was performed
in antagonist mode. AS6 was bath applied at a

concentration of 30 μM for 3 min. AS6 bath application
significantly reduced Kv4.3 channel current indicating its
inhibition by AS6 compound. (nA nano-Ampere, ms
millisecond)
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neuropathic pain is still not very clear. This is mainly
due to inconsistent results with the treatment with
NSAIDs. There exists no clear evidence if down-
regulation of COX2 may abrogate neuropathic pain.
In the present study, we show for the first time that
downregulation of COX2 can reduce neuropathic
pain. We also show here that AS6 could alleviate
neuropathic pain, to an extent which rivalsmorphine,
through downregulation of COX2 in the spinal cord
of neuropathic pain rats. Our previous study con-
firmed that AS compounds are safer to use and get
cleared easily through the body. Taken together we
demonstrate AS6 as a safe and effective molecule to
treat both inflammatory and neuropathic pain.

Table: List of AS compounds with code
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17.4 Materials and Methods

17.4.1 General Procedure
for Synthesis of Compounds
4–9

3-Bromobenzo[b]thiophene-2-carboxylic acid
(02) (0.60 g, 2.33 mmol) and boric acid
(0.02 mmol) were suspended in toluene (20 ml).
To the stirred suspension, the appropriate
arylalkylamine (2.45 mmol) was added in one
lot. Dean-Stark trap mounted with a reflux con-
denser fitted with a nitrogen inlet was attached to
the round-bottomed flask to remove water from
the reaction mixture. The reaction mass was
refluxed under nitrogen atmosphere. The reac-
tion was monitored on TLC for completion of
the reaction. The reaction was completed after
14 hrs (as indicated by TLC). The mixture
was allowed to cool to ambient temperature and
then was poured with stirring into 200 mL of
hexane leading to the immediate precipitation of
a white solid. Stirring was continued for an addi-
tional 30 min, and then the precipitate was fil-
tered off with suction through a sintered glass
filter funnel. The collected solid was succes-
sively washed with three 10-mL portions of
hexanes and three 20-mL portions of distilled
water and then was dried in vacuo at room tem-
perature to afford the target compound as white
solid. The product was recrystallized from
acetone.
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N-Benzyl-3-bromobenzo[b]thiophene-2-
carboxamide (04)

Crystalline colorless solid (0.72 g, 90%).
M.p. 115–117 �C. Rf: 0.40 Hexane/ethyl acetate
(1:1)

ES-MS m/z: Cal for C16H12BrNOS: 346.24;
Obs. 346.1H-NMR (CDCl3, 300 MHz): 4.72 (d,
2H, CH2), 7.31–7.45 (m, 5H, ArH benzyl), 7.48
(m, 2H, ArH), 7.83 (dd, 2H, ArH).13C-NMR:
44.5, 106.6, 122.9, 124.7, 125.8, 127.9, 128.0,
129.1, 137.7, 138.6, 138.7 and 161.1.

3-Bromo-N-(4-methoxybenzyl)-benzo[b]thio-
phene-2-carboxamide (05)

Crystalline colorless solid (0.80 g, 92%).
Mp. 123–124 �C. Rf: 0.44 Hexane/ethyl acetate
(1:1)

ES-MS m/z: Cal for C17H14BrNO2S: 376.27;
Obs. 376.26.1H-NMR (CDCl3, 300 MHz): 3.80
(s, 3H, OMe), 4.65 (d, 2H, CH2), 6.91 (m, 2H),
7.34 (m, 2H), 7.46 (m, 2H, ArH), 7.83 (d, 2H,
ArH).13C-NMR: 44.0, 55.5, 106.6, 114.4, 122.9,
124.7, 125.7, 125.7, 129.4, 135.1, 138.7, 159.4
and 161.0.

3-Bromo-N-(4-fluorobenzyl)-benzo[b]thiophene-
2-carboxamide (06)

Crystalline colorless solid (0.85 g, 93%)
M.p. 120–125 �C. Rf: 0.41 Hexane/ethyl acetate
(1:1)

ES-MS m/z: Cal for C16H11BrNOSF; 364.23;
Obs 364.20.1H-NMR (CDCl3, 300 MHz) 4.70
(d, 2H), 7.45 (m, 2H, ArH) 7.83 (dd, 2H, ArH)
7 (m, 2H), 7.36 (m, 2H).13C-NMR 44.0, 106.6,
125.7, 124.7, 123.9, 124.5, 130, 138.7, 163.5 and
161.0.

3-Bromo-N-[4-(trifluoromethyl)benzyl]-benzo[b]
thiophene-2-carboxamide (07)

Crystalline colorless solid (0.85 g, 88%)
Mp. 128–130 �C. Rf: 0.45 Hexane/ethyl acetate
(1:1).

ES-MS m/z: Cal for C17H11BrF3NOS 414.24,
Obs. 414.1H-NMR (CDCl3, 300 MHz): 4.70
(d, 2H), 7.47 (m, 2H, ArH) 7.12 (m, 2H), 7.38
(m, 2H).13C-NMR 44.0, 106.6, 125.7, 124.7,
123.9, 124.5, 130, 138.7 and 161.0.

3-Bromo-N-(2-phenylethyl)-benzo[b]thiophene-
2-carboxamide (08)

Crystalline colorless solid (0.76 g,91%) Rf: 0.4
Hexane/ethyl acetate (1:1)

ES-MS m/z: Cal for C17H14BrNOS 360.27;
Obs 360.

1H-NMR (CDCl3, 300 MHz): 3.5 (d, 2H), 3.2
(d, 2H), 7.47 (m, 2H, ArH) 7.12 (m, 2H), 7.38 (m,
2H).

13C-NMR 42.9, 35.5, 106.6, 125.7, 124.7,
123.9, 124.5, 130, 138.7 and 161.0.

3-Bromo-N-(naphthalen-1-ylmethyl)-benzo[b]
thiophene-2-carboxamide (09)

Crystalline colorless solid (0.85 g,93%) Rf:
0.38 Hexane/ethyl acetate (1:1)

ES-MS m/z: Cal for C20H14BrNOS 396.30;
Obs 396.

1H-NMR (CDCl3, 300 MHz): 4.9 (d, 2H), 7.47
(m, 2H, ArH), 7.12 (m, 2H), 7.38 (m, 2H), 7.1 (m,
2H), 7.3 (m, 2H), 7.6 (s, 1H).13C-NMR
(75 MHz): 44.0, 125.7, 124.7, 123.9, 124.5,
127.4, 127.5, 128.3, 128.2, 130, 138.7 and 161.0.

17.4.2 General Procedure
for Synthesis of 10 and 11

Potassium carbonate (1.62 g, 12 mmol) and
potassium hydroxide (0.67 g, 12 mmol) were
ground in a mortar. To the resulting mixture,
tetrabutylammonium bromide (0.1 g, 0.3 mmol)
and the carboxamide 06 or 07 (3.0 mmol) were
thoroughly mixed and placed in an open conical
flask. Allyl bromide (4.5 mmol) was adsorbed
dropwise to the above mixture with glass rod for
a few seconds, placed in a domestic microwave
oven, and irradiated for 2 min at 900 W. Upon
completion of the reaction, the product was
extracted into methylene chloride, solvent
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removed, and the residue recrystallized from eth-
anol to afford the product.

3-Bromo-N-(4-fluorobenzyl)-N-(prop-2-en-1-yl)-
benzo[b]thiophene-2-carboxamide (10)

Colorless solid (1.04 g, 87%)
ES-MS m/z: Cal for C19H15BrFNOS 404.30;

Obs 404.0.
1H-NMR (CDCl3, 300 MHz): 4.70 (d, 2H),

5.18 (d, 2H), 7.45 (m, 2H, ArH), 7.83 (2H,
ArH), 7 (m, 2H), 7.36 (m, 2H).13C-NMR
(75 MHz): 58.0, 106.6, 125.7, 124.7, 123.9,
124.5, 130, 138.7, 163.5, 136, 137.5 and 161.0.

3-bromo-N-(prop-2-en-1-yl)-N-
[4-(trifluoromethyl)benzyl]-1-benzo[b]thio-
phene-2-carboxamide (11)

Colorless solid (1.2 g, 89%)
ES-MS m/z: Cal for C20H15BrF3NOS 454.30;

Obs 454.4.
1H-NMR (CDCl3, 300 MHz): 4.70 (d, 2H),

5.18 (s, 2H), 7.47 (m, 2H, ArH) 7.12 (m, 2H),
7.38 (m, 2H).13C-NMR 58.0, 106.6, 125.7, 124.7,
123.9, 124.5, 130, 136.4, 138.7, 142.2, and 161.0.

17.5 Animals

All experiments were conducted according to the
guidelines of the International Association for the
study of pain and approved by the “Institutional
Animal Ethical Committee of the National Insti-
tute of Immunology” for animal research. The
animals were housed in an animal house facility
of National Institute of Immunology, India, with
controlled temperature (22 � 2 �C) under a
12/12 h light/dark cycle. They had free access to
food and water ad libitum. All in vivo
experiments were carried out on inbred male SD
rats (6–8 weeks of age and ~ 200–300 g BW).
Same age and equal body weight of animals were
used according to experiments. No animals were
used for more than one experiment.

17.6 Neuropathic Pain Models

Animals were anesthetized with sodium pento-
barbital (50 mg/kg IP), and partial sciatic nerve
ligation was performed. In brief, dorsal 1/3–1/2 of
the right sciatic nerve was tightly ligated using an
8–0 nylon suture. The wounds were closed, and
the animals were allowed to recover. Two
animals per cage were housed postsurgical proce-
dure. Sham surgery was done on a separate group
of animals of the same age and body weight
where no nerve ligation was done (Seltzer et al.
1990).

17.7 Mechanical and Thermal
Hyperalgesia

Animals were placed on a wire mesh platform and
were covered with transparent plastic cage. Von
Frey filaments (IITC Inc., USA) were applied
perpendicularly to the planter surface of hind
paw (ipsilateral to the site of nerve injury). Sensi-
tivity to the mechanical pressure was accessed by
sequentially increasing and decreasing the stimu-
lus (up-and-down method). A crisp withdrawal of
hind paw was taken as positive response as
described earlier (Seltzer et al. 1990). Thermal
hyperalgesia was measured by hot plate (IITC
Inc., USA) assay for nociception as described
earlier (Seltzer et al. 1990) at 45 �C.

17.8 Western Blotting

Intact spinal cord regions were isolated immedi-
ately after decapitation, washed in PBS, and fro-
zen. Ten percent (w/v) homogenates were
prepared in Tissue Lytic M buffer (Sigma)
containing protease and phosphatase inhibitor
cocktail (Sigma). Protein samples were
normalized for total protein content and run on
SDS polyacrylamide gel (12–15%) followed by
transferring to nitrocellulose membrane. The
membrane was then blocked with Tris-buffered
saline (TBS) containing 5% BSA and 0.1%
Tween 20 for 2 h at room temperature, incubated
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with respective primary antibodies overnight at
4 �C. Membranes were then washed four times
with TBS with 1% Tween 20 (TBST), probed
with HRP-conjugated secondary antibodies
(Santa Cruz, CA, USA) for 1 h at room tempera-
ture, washed again four times with TBST, and
were developed using chemiluminescent sub-
strate (Ez-ECL, Biological Industries) in gel doc-
umentation system (BioRad). Blots were stripped
using stripping buffer (Sigma) and probed for
α-tubulin which was used as internal loading con-
trol for the blots.

17.9 Fast Patch Assay

Kv4.3 potassium channel was expressed in
HEK293 cells. The HEK293 cells were
transfected with the plasmid containing the full-
length cDNA (KCND3 gene) in 35-mm culture
dishes. 5 � 105 cells were plated into 35-mm
culture dishes with 2 ml of appropriate complete
growth medium. Cells reaching approximately
50% confluence were transfected 24 h later
using lipofection. The in vitro effect of AS6 was
evaluated in QPatch (Sophion) and PatchXpress
(Molecular Devices) automated patch clamp sys-
tem, in the cells expressing Kv4.3 channels. The
assay was performed in the antagonist mode. The
compound was evaluated at a concentration of
30 μM. The duration of exposure to the AS6
compound at this concentration was 3 min
(Fig. 17.5).
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PRR Function of Innate Immune
Receptors in Recognition of Bacteria or
Bacterial Ligands

18

Aakanksha Gulati, Deepinder Kaur, G. V. R. Krishna Prasad,
and Arunika Mukhopadhaya

Abstract

Recognition of a bacterial attack is the first and
the most important step in clearing the bacteria
from the body of the host. Towards this, the
host innate immune system employs pattern
recognition receptors (PRRs) such as Toll-
like receptors (TLRs), nucleotide-binding leu-
cine-rich repeat-containing receptors (NLRs)
and scavenger receptors (SRs) present mostly
in innate immune cells. These receptors sense
the presence of bacteria and help in spreading
the signal to the host, which results in recruit-
ment of other immune cells leading to the
elimination of the bacteria from the system.
Since their discovery, a lot has been
established about these receptors. Their role
has been elucidated not only in pathogen rec-
ognition but also in eradication of the dead
cells from the system. This review is focussed
mainly on their role in the bacterial recognition
and how these receptors play a role in eliciting
an immune response against bacteria in
the host.

Keywords

Pattern recognition receptor · TLR · NLR ·
Scavenger receptor · Innate immunity

18.1 Introduction

The immune system of all the organisms is highly
professional and tightly regulated. A pathogen,
after entering the host, first encounters the innate
immune system of the host. The innate immune
system recognizes the pathogen and signals the
presence of an intrusion to the whole body, thus
further activating the adaptive immune system.

The cells of the innate system, such as
macrophages, monocytes, dendritic cells and
neutrophils, possess specialized receptors called
pattern recognition receptors (PRRs) that recog-
nize patterns unique to the pathogens. These
patterns of the pathogen are called pathogen-
associated molecular patterns (PAMPs), such as
lipopolysaccharide in gram-negative bacteria.
The idea of PRRs was proposed as the immune
cell receptors which recognize microbial products
and link innate and adaptive immune systems.
Different kinds of PRRs are specialized to recog-
nize different PAMPs. The PRR-PAMP interac-
tion activates various signalling cascades which
result in the production of cytokines, chemokines
and interferons. These cytokines then signal other
cells of the immune system about the presence of
the pathogen and help in the elimination of the
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infection. In addition to PAMPs, these PRRs can
also recognize damage-associated molecular
patterns (DAMPs) which are released by cells in
response to various stimuli.

The PRRs are divided mainly into four classes
based on their structure – the Toll-like receptors
(TLRs), the nucleotide-binding leucine-rich
repeat-containing receptors (NLRs), the RIG-1-
like receptors (RLRs) and the C-type lectin
receptors (CLRs). Of these, TLRs and CLRs are
transmembrane receptors which are present either
on the surface (both TLRs and CLRs) or in the
endosomal membranes (TLRs). The NLRs and the
RLRs are present in the cytoplasm of the cell. In
addition to these PRRs, another family of
receptors called scavenger receptors have recently
been implicated in recognition of PAMPs.

In this review, we will discuss the PRRs which
are involved in recognition of bacterial ligands
with major emphasis on the PRR function of
TLR, NLR and SR.

18.2 The Toll-like Receptors (TLRs)

Toll receptors were first discovered in Drosoph-
ila, where they were found to play a role in innate
immunity against fungal infections (Lemaitre
et al. 1996). Homologs of this receptor in
vertebrates were also found to have a role in
generating immune responses and named as
Toll-like receptors (TLRs) (Armant and Fenton
2002; Medzhitov et al. 1997). In mice and
humans, the genes encoding the TLRs are located
on different chromosomes (Qureshi and
Medzhitov 2003). Till date 10 functional TLRs
have been found in humans and 12 in mice
(Takeda and Akira 2005). TLR11, TLR12 and
TLR13 are not present in humans (Baccala et al.
2007), whereas TLR10 is not functional in mice
due to a retroviral insertion (Kawai and Akira
2010). Earlier, mouse TLR8 was also thought to
be non-functional as it is not stimulated by its
natural ligand-viral ssRNA. However, later it
was observed that it is expressed during brain
development in mice and can get activated by a
combination of imidazoquinoline immune
response modifiers and polyT oligodeoxynu-
cleotides (Demaria et al. 2010). Apart from this,

another protein RP105 is found in humans that is
similar to TLR4 but lacks intracellular signalling
domain (Zarember and Godowski 2002).

Signalling pathways initiated by TLRs lead to
the upregulation of co-stimulatory molecules on
dendritic cells which are essential for induction of
adaptive immune responses (Iwasaki and
Medzhitov 2004). So, it was concluded that
TLRs are essential, responsible and required for
an adaptive immune response (Beutler 2009).
Some TLRs like TLR3, TLR4, TLR7, TLR8
and TLR9 can also induce antiviral responses by
inducing type I IFN (Kawai and Akira 2006).

18.2.1 TLR Structure

Structurally, TLRs are type I integral membrane
glycoproteins having cytoplasmic region similar to
IL-1Rs (TIR domain) and an extracellular region
having leucine-rich repeat (LRR) motif (Akira
et al. 2001; Medzhitov 2001; Slack et al. 2000).
The TIR domain has 20–30% conserved sequence
containing five stranded parallel beta sheets
surrounded by five alpha helices on each side.
The LRR domain is comprised of a β-strand and
an α-helix combined to form a horseshoe structure
(Xu et al. 2000). The receptors present in TLR/IL-
R family are one of the first signalling domains to
be evolved (Kimbrell and Beutler 2001).

18.2.2 TLR Distribution

The expression of TLRs is different in different
cell types. They are majorly present on cells
involved in innate immunity including
macrophages, neutrophils, mucosal epithelial
cells, dendritic cells and dermal endothelial
cells. Some TLRs like TLR2 and TLR4 are also
present in B and T cells (Imler and Hoffmann
2001). TLR3 is expressed only in mature epithe-
lial cells, whereas the expression of TLR2 and
TLR4 is lost during maturation (Furrie et al.
2005). TLR3 is also present in higher levels in
the colon where it acts as the first line of defence
for viruses. Moreover, TLR3 and TLR5 are
expressed at higher levels in spleen (Zarember
and Godowski 2002). The TLRs are present
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both on the surface of the cells and intracellularly
depending on their ligand specificities. Mostly
TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11
are present on the cell surface; however, TLR3,
TLR7, TLR8 and TLR9 are present intracellularly
(Cervantes et al. 2012). TLR9 is claimed to be
expressed in the endoplasmic reticulum, which on
activation is recruited to endosomal/lysosomal
compartments with the help of UNC93B protein
(Beutler 2009). However, in epithelial cells,
TLR4 is present in Golgi apparatus due to which
these cells are hypo-responsive to LPS (Hornef
et al. 2002). Some reports also indicated the
recruitment of the surface TLRs to the
phagosomes after their stimulation (Akira and
Takeda 2004).

Even microglia and astrocytes that are majorly
involved in immune responses in the central ner-
vous system have different expression of TLRs.
In microglia, TLR3 is expressed intracellularly;
however, astrocytes express both surface and
intracellular TLR3 (Jack et al. 2005). Apart from
this, TLR2 or TLR4 also help in activation of
mast cells (Supajatura et al. 2002).

18.2.3 TLR Agonists

Of all the TLRs, TLR4 was the first TLR to be
discovered. It was found to be a receptor for
lipopolysaccharide (LPS) as C3H/HeJ mice hav-
ing a mutation in tlr4 gene failed to respond to
LPS (Poltorak et al. 1998). TLR4 is capable of
discriminating between LPS of different species
because of a highly variable 82 amino acid region
in its extracellular domain (Hajjar et al. 2002).
After that, many ligands for TLR1, TLR2, TLR3,
TLR5, TLR6, TLR7 and TLR9 were discovered
during 1999–2003 (Akira and Takeda 2004).
Some of the ligands recognized by different
TLRs are shown in Table 18.1. TLR2 usually
acts by forming M-shaped heterodimers with
TLR1 or TLR6 to recognize different bacterial
ligands. The crystal structures of these
heterodimers were solved in 2007 (O’Neill et al.
2013). The TLR1/2 heterodimer recognizes the
triacylated lipoproteins, and TLR2/6
heterodimers recognize diacylated lipoproteins.
In TLR1/2 heterodimer, one of the three chains
of triacylated lipopeptide is recognized by a
hydrophobic channel of TLR1. Due to the
absence of this hydrophobic channel in TLR6,

Table 18.1 Ligands for TLRs

TLR Cell type Adaptor proteins Ligand (PAMPs)

Surface TLRs
TLR1 Ubiquitous MyD88/TIRAP Triacyl lipopeptide, soluble

factors
TLR2 DCs, PMLs and monocytes MyD88/TIRAP Peptidoglycan, heat shock protein

70 lipoprotein
TLR4 Macrophage, PMLs, DCs and ECs MyD88/TIRAP,

TRIF/TRAM
LPS, envelope protein, taxol

TLR5 Monocyte, immature DC, epithelial, NK and T
cells

MyD88 Bacterial flagellin

TLR6 B cells, NK cells and monocytes MyD88/TIRAP Diacyl lipopeptide, zymosan,
lipoteichoic acid

TLR10 B cells, pDCs MyD88 Lipopeptides (probable)
TLR11 ND MyD88 Flagellin
TLR12 ND MyD88 Profilin-like molecule
TLR13 ND MyD88 23S RNA
Endosomal TLRs
TLR3 DC and NK cells, up-regulated on epithelial

and endothelial cells
TRIF dsDNA

TLR7 B cells and pDCs MyD88 Imidazoquinoline, ssRNA
TLR8 Monocytes, low in NK and T cells MyD88 Imidazoquinoline, ssRNA
TLR9 pDCs, B cells, macrophage, PMLs, NK cells

and microglial cells
MyD88 CpG-containing DNA
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TLR2/6 heterodimer cannot recognize triacylated
lipopeptide. The intracellular TLRs, namely
TLR7, TLR8 and TLR9, mainly recognize the
nucleic acids, i.e. DNA/RNA. Despite structural
similarity between human TLR7 and TLR8, they
recognize different ligands. In addition to this,
these ligands can target different cell types to
show varied cytokine responses. TLR7 ligands
are known to activate plasmacytoid dendritic
cells (pDCs) and produce IFNα and IFN regu-
latory cytokines, whereas TLR8 ligands activate
myeloid dendritic cells, monocytes and
monocyte-derived dendritic cells to produce
pro-inflammatory cytokines (Gorden et al.
2005). TLR9 can sometimes recognize host
DNA resulting in auto-immune disorders. Also,
TLR13, which is only present in mice, is shown
to recognize bacterial ribosomal RNA (O’Neill
et al. 2013).

There are some cases where the same ligand
may be recognized by different TLRs in different
cell types. For example, HMGB1, a late cytokine
mediator of lethal endotoxemia and sepsis,
signals through TLR4 in human whole blood
and primary macrophages and through TLR2 in
RAW 264.7 cells (murine macrophage cell line)
and in CHO cells (Chinese hamster ovarian cell
line) (Yu et al. 2006). Besides this, biglycan
which is an ECM component acts as an agonist
of both TLR2 and TLR4 in macrophages
(Schaefer et al. 2005).

18.2.4 Signalling Pathways of TLRs

On recognition of a ligand by the LRR motif of
the TLRs, they dimerize into either a homodimer
or a heterodimer (Beutler 2009). Some TLRs
require other proteins to form a complex, to pur-
sue their signalling. For example, TLR4 requires
MD-2, a small protein for recognition of LPS.
CD14 is also involved in the signalling pathway
of TLR4 and TLR2. CD36 acts as an accessory
component for the TLR2/TLR6 heterodimer to
sense diacylated lipoproteins (Triantafilou et al.

2006). TLR2 also utilizes Dectin-1 for recogni-
tion of certain glycans (Beutler 2009).

Recent studies have shown that the
heterodimers of TLR2 are formed prior to ligand
interaction. These dimers are recruited to lipid
rafts on exposure to ligands and interact with
CD36 and CD14 present in the raft. This complex
is then internalized and moves to the Golgi appa-
ratus. It is suggested that lipid raft formation is
crucial for internalization of the TLR2 receptor,
but the role of rafts in TLR2 internalization and
signalling is not clear. In most of the reports, the
signalling pathway is shown to be independent of
internalization, but in case of Staphylococcus
aureus, internalization is crucial for signal trans-
duction (Triantafilou et al. 2006).

Signalling pathway by surface TLRs and not
endosomal TLRs has also been shown to increase
mitochondrial ROS (mROS) production by
recruiting mitochondria to the macrophage
phagosomes. TRAF6 translocates to the
mitochondria and interacts with a protein
ECSIT, leading to its ubiquitinylation. This
increases the mROS production leading to bacte-
ricidal activity. Thus, mitochondria have been
suggested as a hub for innate signalling that
generates effector responses (West et al. 2011).

The downstream signalling of TLRs depends
on the adaptor molecule binding to the cytoplas-
mic TIR domains of the TLR dimer upon ligand
recognition. Various adaptor proteins have been
implicated in TLR-mediated signalling like mye-
loid differentiation primary response protein
88 (MyD88), TIR-domain-containing adaptor
protein (TIRAP, also known as MyD88-adaptor-
like protein, MAL) and TIR-domain-containing
adaptor protein inducing IFN-β (TRIF, also
known as TIR-domain-containing molecule
1, TICAM1) and TRIF-related adaptor molecule
(TRAM, also known as TIR-domain-containing
molecule 2, TICAM2). Most of the TLRs recruit
MyD88 and/or MAL; however, some also recruit
TRIF and/or TRAM to elicit the response. So, the
TLR signalling has been classified into either
MyD88-dependent or -independent based on the
involvement of the adaptor protein MyD88.
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18.2.5 MyD88-Dependent Signalling

TLR mediates its signalling via different adaptor
molecules, of which the canonical pathway
involves the adaptor molecule MyD88. MyD88
has N-terminal death domain (DD) and C- termi-
nal TIR domain joined by a linker sequence. It
exists as a homodimer when recruited to the TLR
complex. It helps in recruitment of IL-1R-
associated kinases (IRAKs) by interacting with
them through its death domain. Out of four family
members of IRAK family, only IRAK1 and
IRAK4 have intrinsic kinase activity. IRAK2
and IRAK-M lack the kinase activity, thus nega-
tively regulate TLR signalling. IRAK-M-defi-
cient cells show increased inflammatory
cytokine production as it prevents the dissociation
of IRAK4 and IRAK1 from MyD88 (Kobayashi
et al. 2002a). From studies, IRAK4 having an
important role in TLR signalling is shown to
work upstream of IRAK1. Patients with IRAK4
deficiency failed to respond to IL-1, IL-18 or to
stimulation of TLR2, TLR3, TLR4, TLR5 and
TLR9 (Akira and Takeda 2004). TRAF6 acts as
a signalling mediator by binding indirectly to
TLR receptor complex via IRAK1/4. The
TRAF6-binding domain is present in IRAK1,
IRAK2 and IRAK-M but not in IRAK4. Through
this domain, IRAK interacts with the conserved
C-terminal region of TRAF6 (TRAF-C). TRAF6
then activates TGFβ-activated kinase (TAK1).
Two adaptor proteins TAB1 and TAB2/TAB3
are involved in this process. TAB1 is known to
increase kinase activity of TAK1, whereas TAB2/
TAB3 help in the binding of TAK1 to TRAF6.
TRAF6 functions as a ubiquitin ligase and forms
a complex with ubiquitin-conjugating enzyme
13 (UBC13) and Uev1A for the synthesis of
lysine 63-linked polyubiquitin chains which help
in the signal transduction and hence the cellular
responses (Chen 2005). Activation of TAK1 fur-
ther triggers MAPK [c-Jun N-terminal kinase
(JNK), p38 and extracellular signal-regulated
kinase (ERK)] activation which in turn activates
AP-1 transcription factor. AP-1 forms dimers that
are composed of Jun, Fos and ATF (activating

transcription factor) subunits. Jun family
members can form homodimers, whereas Fos
family cannot homodimerize. The heterodimers
of Jun and Fos are more stable. These subunits
bind to DNA and affect the transcription of
pro-inflammatory genes.

TAK1 activation also activates IĸB kinases
including IKKα, IKKβ and regulatory molecule
IKKγ/Nemo. These kinases then phosphorylate
IĸB leading to its poly-ubiquitination and thus
its 26S proteasomal degradation. The degradation
of IĸB renders cytoplasmic subunits of NF-ĸB
free to move to the nucleus. The NF-κB family
is composed of five members – p65 (REL-A),
REL-B, c-REL, p50 and p52 which can either
form homodimers or heterodimers. NF-κB1 and
NF-κB2 are expressed as p105 and p100, which
undergo proteolytic cleavage to become p50 and
p52. Although p65-p50 dimer is considered as
NF-κB in most cases, many other dimers they
form can act as transcription factors, but some
dimers do not have DNA-binding domain due to
which they can also act as repressors (Hoffmann
and Baltimore 2006) like p50-p50, p52-p52
homodimers and p52-p50 heterodimers due to
the absence of transcriptional activation domain
(TAD) in them. The NF-κB after translocating to
nucleus activates transcription of
pro-inflammatory genes. Other than this, an addi-
tional adaptor TIRAP that works upstream to
MyD88 is required for TLR2 and TLR4 signal-
ling (Kawai and Akira 2006).

18.2.6 MyD88-Independent Signalling

Most TLRs mediate their signalling via the adap-
tor molecule MyD88; however, TLR3 doesn’t
require MyD88 for its signalling. Instead, TLR3
recruits TRIF upon ligand recognition to elicit the
downstream signalling. TRIF is known to be
involved in MyD88-independent pathway lead-
ing to the activation of IFN-regulatory factor
3 (IRF3) and thus inducing IFNβ production.
This IFNβ then acts on neighbouring cells and
activates the JAK-STAT pathway leading to the
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induction of IRF7 expression due to which there
is an increase in induction of type I IFN through a
positive feedback mechanism.

Also, in MyD88-deficient mice, TLRs like
TLR2, TLR5, TLR7 and TLR9 on macrophages
and DCs are unable to produce any
pro-inflammatory cytokines when exposed to
ligands, and hence they cannot work in MyD88-
independent manner. However, it was observed
that when these cells were exposed to LPS,
NF-κB and MAPKs were activated in a delayed
manner. LPS lead to the MyD88-independent
induction of IFNβ in such cells (Kawai et al.
2001). Not just that, TRIF-deficient mice also
show reduced inflammatory cytokine production
in response to LPS when compared to wild-type
mice leading to the conclusion that both MyD88-
dependent and -independent pathways are
required for maximal cytokine production in
response to LPS via TLR4. Also, TRIF was
found to be linked to the cytoplasmic portion of
TLR4 through another adaptor called TRAM. It is
very interesting to note that all the adaptor
proteins having TIR domains are involved in
TLR4 signalling. Involvement of both MyD88-
dependent and -independent pathways can
explain the strong immunogenic nature of LPS
which leads to endotoxic shock. However, in
absence of CD14, MyD88-independent pathway
gets inactivated and TLR4 signals through
MyD88/TIRAP pathway only (Beutler 2009).

TRIF has receptor-interacting protein (RIP)-
binding motif at its C-terminal region. The
interactions of C-terminal of TRIF and RIP1 are
responsible for NF-κB and AP-1 activation
through TAK-1, whereas RIP3 hinders these
interactions. Moreover, TRIF has three TRAF6-
binding domains which can recruit TRAF6
resulting in activation of NF-ĸB and AP-1 tran-
scription factors leading to a pro-inflammatory
response in addition to the production of IFNβ.

18.2.7 TLR-Mediated IRF Activation

IRF7 is an essential transcription factor for regu-
lation of type I IFN induction. IRF7 acts in

MyD88-dependent manner and gets
phosphorylated and thus activated by IRAK1
present downstream of MyD88 and IRAK4.
TRAF6 also helps in this activation. IRF5
interacts with MyD88 for the production of
inflammatory cytokine rather than IFN produc-
tion. TLR7, TLR8 and TLR9 may trigger IRF7-
mediated type I IFN induction majorly in
plasmacytoid DCs (pDC) in response to viral
infections. In pDCs ligand recognition by TLR9
also involves IRF8 which results in the produc-
tion of type I IFN and inflammatory cytokines.

Apart from pDC, IFN-α/β production also
occurs in conventional DCs and macrophages
via TLR3 and TLR4. Recognition of dsRNA by
TLR3 in endosomes mediates IFN production by
TRIF-dependent pathway, whereas LPS recogni-
tion by TLR4 at the cell surface induces both
MyD88-dependent and TRIF-dependent
pathways. The TRIF-dependent pathway leads
to activation of the IRF3, AP-1 and NF-κB tran-
scription factors that regulate IFN production. In
case of the MyD88-dependent pathway, there is
no IRF3 activation, but AP-1 and NF-κB get
activated (Baccala et al. 2007).

18.2.8 Negative Regulators of TLR
Signalling

TLR signalling is crucial for both innate and
adaptive immune responses, but dis-regulations
in TLR pathways are known to induce many
auto-immune disorders and chronic inflamma-
tion. One such example is TLR4, which upon
uncontrolled activation with LPS can cause sep-
sis. So, TLR signalling needs to be tightly
regulated. Some of the negative regulators
involved in this process include soluble TLRs
that prevent a direct communication of ligand
and receptor that can either inhibit signalling
pathways or decrease tlr gene expression
(Gomariz et al. 2010). Some examples of nega-
tive regulators and their target cells are given in
Table 18.2.
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18.2.9 TLR and Therapeutics

The expression of TLRs is known to increase in
many diseases. Atherosclerotic heart disease is
due to chronic infection or high serum LPS levels.
TLR4 plays an important role in causing inflam-
mation during this disease. Apart from this, TLR
knockout mice have been found to be resistant to
some inflammatory diseases. But these TLRs also
help in evoking a protective immune response,
and thus TLR4-mutant mice are more susceptible
to systemic infections by gram-negative bacteria
like Salmonella typhimurium (O’Neill et al.
2009). These studies suggest the role of TLRs in
causing disease, and thus TLRs can be used as a
potential therapeutic target (Hennessy et al.
2010). To limit the inflammation mediated by
TLRs, the positive feedback loop can be inhibited
by preventing the reactivation of the TLRs, and
this will inhibit the amplification of the response.

Another strategy can be the use of TLR agonist
in the form of drugs which activate innate and
consecutively the adaptive immune system, thus
activating natural killer cells and cytotoxic T
cells. Example of one such successful drug is
imiquimod which acts through TLR7-MyD88-
dependent pathway. TLR7 and TLR8 agonists
induce Th1 responses to target tumours in mice,
non-human primates and human cells. Despite
this, an agonist of TLRs could serve as a good
therapeutic target; although the problem of the
weakened immune system in cancer patients can
be a halt in the way, it may be resolved by
combining them with anticancer agents.

Some viral proteins are also known to manip-
ulate TLR signalling. A protein of vaccinia virus,
A52R, decreases NF-ĸB activation by targeting
IRAK2 and TRAF6, and thus peptide synthesized
from it may also inhibit inflammatory responses.
Clinical trials have also proved that targeting key
molecules of the TLR pathway has restricted the

Table 18.2 Negative regulators of TLRs

Negative regulator Affected TLR Mode of action

Regulators on surface
sTLR2 TLR2 TLR2 antagonist
sTLR4 TLR4 Blocks interaction of MD2 and TLR4
Regulators affecting transmembrane proteins and adaptor molecules
ST2L TLR2, TLR4, TLR9 Sequesters MyD88 and MAL
RP105 TLR4 Homolog of TLR4
MyD88s TLR4 MyD88 antagonist
SOCS1 TLR4, TLR9 Suppresses IRAK
SARM TLR3, TLR4 Inhibits MyD88- and TRIF-dependent pathway
Fliih TLR4 Blocks interaction of TLR4 and MyD88
Regulators affecting effector proteins
IRAK-M TLR4, TLR9 Inhibits IRAK1 phosphorylation
IRAK2 TLR4 Overexpression inhibits NF-κB activation
TRAF4 TLR2, TLR3, TLR4, TLR9 Interacts with TRAF6, TRIF and IRAK1
TOLLIP TLR2, TLR4 Autophosphorylates IRAK1
A20 TLR2, TLR3, TLR4, TLR9 Deubiquitylates TRAF6
β-arrestins 1,2 TLR4 Stabilize IKBα
SHP-2 TLR3, TLR4 Suppresses TBK1 phosphorylation
PTP1B TLR3, TLR4, TLR9 Supresses MyD88- and TRIF-dependent pathway
Regulators affecting transcription factors
PI3K TLR2, TLR4, TLR9 Inhibits p38, JNK and NF-κB
ATF3 TLR4 Inhibits binding of NF-κB to DNA
NOD2 TLR2 Suppresses NF-κB
Zc3h12a TLR4 Affects mRNA stability
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inflammation in various diseases. So, these
therapies seem to hold a great potential in the
future.

18.3 The Nucleotide-Binding
Leucine-Rich Repeat-
Containing Receptors (NLRs)

In addition to TLRs, another class of pattern
recognition receptors called NLRs or nucleotide-
binding leucine-rich repeat-containing receptors
aid in the recognition of bacterial ligands. NLRs
are soluble, intracellular pattern recognition
receptors (PRR), which recognize mostly the
ligands of intracellular pathogens. These are usu-
ally present in the cytosol of immune cells,
namely, lymphocytes, macrophages and dendritic
cells, but can also be present in non-immune cells
like epithelial cells. The earliest known NLRs,
NOD-1 and NOD-2, recognize components of
the peptidoglycan assembly of the bacterial
outer membrane. The presence of NLR homologs
in a vast variety of organisms ranging from sea
urchin, zebrafish, plants and various animals
attest the importance of NLRs in host defence
against pathogens.

18.3.1 Structure of NLRs

NLRs consist of three domains (1) the N-terminal
domain, which comprises of one of the following,
a CARD (caspase recruitment) domain, a PYD
(pyrin) domain, an acidic transactivation domain
or a BIR (Baculovirus inhibitor repeat) domain;
(2) the central domain known as the NOD domain
or the NACHT domain; and the (3) the C-terminal
domain – which contains the leucine-rich repeats
(LRRs).

The NLRs recognize the agonist by the
C-terminal LRR domain, which triggers the olig-
omerization of the NLRs by the central domain.
NLRs further bind to the downstream molecules
by their N-terminal domain leading to various
signalling pathways.

NLRs are divided into four classes based on
their N-terminal domains. The NLRs containing

acidic transactivation domain are classified as
NLRA; similarly, those with a CARD or the
PYD or the BIR domain are classified as NLRC,
NLRP and NLRB, respectively. In addition to
these, another class of NLRs is known as NLRX
whose N-terminal domain remains unclear. The
following table depicts the various NLRs and
their structures discovered till date.

18.3.2 NLR Agonists

A wide variety of ligands ranging from PAMPs
such as bacterial membrane components like pep-
tidoglycan and diaminopimelic acid and DAMPs
(danger-associated molecular patterns) and
change in the cellular ion imbalance have been
known to be recognized by various NLRs. A
detailed list of the ligands of various NLRs and
their structure has been described in Table 18.3.

18.3.3 Signalling Pathways of NLRs

Upon activation, NLRs oligomerize and get
activated. Different NLRs elicit different signal-
ling pathways upon ligand recognition. NLR acti-
vation can lead to two kinds of signalling – they
can either elicit a signalling cascade leading to the
activation of transcription factors NF-κB and
AP-1 similar to TLRs or can lead to the formation
of a multi-protein assembly called
inflammasomes (Fig. 18.1a). Mainly the NLRs –
NOD-1 and NOD-2 – elicit signalling leading to
NF-κB and AP-1 activation, and NLRs such as
NLRP1, NLRP3 and NLRC4 have been well
characterized to form inflammasomes upon their
activation.

18.3.4 NOD-1- and NOD-2-Mediated
Signalling

NOD-1 and NOD-2 are the most studied NLRs.
They recognize the peptidoglycan (PGN)
moieties or its breakdown products from both
the gram-positive and gram-negative bacteria.
NOD-1 mainly recognizes PGN moieties
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containing meso-diaminopimelic acid (meso-
DAP) which is mainly present in gram-negative
and some gram-positive bacteria like Bacillus
spp. NOD-2 recognizes the muramyl dipeptide
(MDP) present across gram-negative and gram-

positive bacteria. NOD-1 has been found to be a
receptor for detecting various invasive bacteria
in vitro, namely, Listeria monocytogenes
(Hasegawa et al. 2006; Park et al. 2007), Bacillus
spp. (Hasegawa et al. 2006), Shigella flexneri

Table 18.3 Structure of NLRs and their ligands

Class of NLR Structure NLRs known Ligands

NLRA CIITA IFN-γ

NLRB NAIP1 T3SS rod proteins
NAIP2 T3SS inner rod proteins
NAIP3 Unknown
NAIP4 Unknown
NAIP5 Flagellin
NAIP6 Flagellin
NAIP7 Unknown

NLRC NOD-1 Meso-diaminopimelic acid (mesoDAP)

NOD-2 Muramyl dipeptide (MDP)

NLRC3 Unknown

NLRC4 Flagellin

NLRC5 IFN-γ, IFN-β

NLRP NLRP1 Muramyl dipeptide (MDP), lethal toxin

NLRP2 Unknown
NLRP3 ATP, alum, silica, asbestos, ROS
NLRP4 Unknown
NLRP5 Unknown
NLRP6 Unknown
NLRP7 Lipopeptide
NLRP8 Unknown
NLRP9 Unknown
NLRP10 Unknown
NLRP11 Unknown
NLRP12 Yersinia

NLRP13 Unknown
NLRP14 Unknown

NLRX NLRX1 Unknown
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(Girardin et al. 2003), Campylobacter jejuni
(Zilbauer et al. 2007) and Chlamydophila pneu-
monia (Opitz et al. 2005). However, NOD-2 has
been implicated in detecting bacteria in vitro such
as Mycobacterium tuberculosis (Ferwerda et al.
2005), Listeria monocytogenes (Kobayashi et al.
2005; Opitz et al. 2004) and Streptococcus pneu-
monia (Opitz et al. 2004). These in vitro studies,
however, do not directly imply a role for NOD-1
and NOD-2 alone as there is always a redundancy
in the innate immune receptors. Certain in vivo
studies have however established the role of
NOD-1 and NOD-2 in sensing the bacteria,
namely, Listeria monocytogenes and
Helicobacter pylori as a PAMP. For example,
when NOD-2 knockout mice (nod2�/� mice)
were infected orally with Listeria
monocytogenes, they showed lower bacterial
load compared to the wild-type mice (Kobayashi
et al. 2005). Also, NOD-1 knockout mice (nod1
�/� mice) were more susceptible to infection with
Helicobacter pylori than the wild-type mice.
Interestingly, Helicobacter pylori being an extra-
cellular pathogen secretes PGN moieties directly
into the host cell by a type IV secretion system,
where PGN moieties are detected by NOD-1
(Viala et al. 2004).

NOD-1 or NOD-2 upon activation by the
PAMPs oligomerize and, thus, bind to a CARD-
containing protein RIP2 (receptor-interacting pro-
tein 2) via a CARD-CARD homodimeric interac-
tion (Kobayashi et al. 2002b). RIP2 is a serine/

threonine kinase which further gets
K63-ubiquitinylated by members of the IAPs
(inhibitors of apoptosis proteins) such as cIAP
and XIAP (Bertrand et al. 2009; Krieg et al.
2009). K63-ubiquitinylated RIP2 further binds
to NEMO, which then phosphorylates IKKα and
IKKβ, leading to the activation of the transcrip-
tion factor NF-κB (similar to TLR signalling)
(Fig. 18.1b).

Additionally, RIP2 can initiate a
pro-inflammatory response by phosphorylating
TAK-1 leading to activation of the IKK and,
ultimately, NF-κB activation. However, TAK-1
can also activate MAP-kinases, namely, p38,
JNK and ERK, which also lead to a
pro-inflammatory response. Another protein
called CARD9 has been found to be involved in
binding to RIP2 and activating p38 and JNK
MAP kinases (Hsu et al. 2007). However,
CARD9 has not been found to have a role in
NF-κB activation. Recent studies have implicated
increased affinity of activated RIP2 to NOD-1
when meso-DAP is bound to the LRR domain
of NOD-1 (Laroui et al. 2011). Also, NOD-2 has
been shown to bind to its ligand MDP in acidic
environments (Grimes et al. 2012).

Some studies have shown that NOD-1 can also
sense the activation states of many Rho GTPases.
Various bacterial infections like those of Shigella
and Salmonella have been shown to secrete cer-
tain effector proteins, namely, GEFH1 (Fukazawa
et al. 2008) and SopE (Keestra et al. 2013),

NLR

ASC

Pro-caspase-1

Inflammasome

Fig. 18.1a The
inflammasome assembly
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respectively, via their type III secretion systems
into the cytoplasm of the host which activate Rho
GTPases. These activated Rho GTPases might be
detected by NOD-1 to activate the NF-κB
signalling.

18.3.5 Inflammasome Formation
and Signalling

Inflammasomes are a multi-protein assembly
comprising mainly of NLRs, an adaptor molecule
ASC and the inactivated form of caspase-1 –

pro-caspase-1. Most of the inflammasomes
known till date comprise members of the NLRP
or NLRC subfamilies of the NLRs. ASC, the
adaptor molecule has both a pyrin domain
(PYD) and a CARD domain which allows its
binding to both the NLR and the pro-caspase-1
(which contains the CARD domain). This assem-
bly is formed when NLRs recognize a ligand and
oligomerize, to which the ASC adaptor protein
binds via PYD-PYD interaction and recruits the
pro-caspase-1 to this assembly via CARD-CARD
domain interactions. After this assembly is
formed, the pro-caspase-1 is cleaved, rendering
it active. Active caspase-1 further activates vari-
ous pro-inflammatory cytokines – mainly the

activation of the pro-IL-18 and pro-IL1β to their
mature forms, which are then secreted out of the
cells (Fig. 18.1). In addition to this, active
caspase-1 may also lead to pyroptosis (‘pyro’ –
heat or fever and ‘ptosis’ – falling or death) which
is a rapid, inflammatory programmed cell death
and shares the features of both apoptosis and
necrosis. Each inflammasome is unique in its
structure, ligand recognition and effect, which
has been described in the following section.

18.3.6 NLRP1

NLRP1 is the first identified NLR which forms an
inflammasome in vitro (Martinon et al. 2002).
NLRP1 has a property distinct from other
identified NLRs – it has both the N-terminal
PYD domain and the C-terminal CARD domain.
In addition to these, it also has a FIIND domain
(Table 18.3), whose cleavage is imperative for
complete activation of NLRP1 (Finger et al.
2012; Frew et al. 2012).

Not many agonists of NLRP1 have been
identified; however, MDP and anthrax lethal
toxin, which are secreted by Bacillus anthracis,
has been found to act as agonists for the activation
of the NLRP1 inflammasome. A direct interaction

Pro-IL-1β

Pro-IL-18

NOD-1 NLRP3

NLRC4AIM2

Caspase-1

IL-1β

IL-18

Pyroptosis

RIP-2

IKKα/β/
NEMO

NF-κB

TAK-1

MAP Kinases

AP-1

NLRP1

MDP
Anthrax lethal toxin (Ltx)

Silica
Alum
Asbestos
PFT

ATP
P2X7

K+ efflux
Cytosolic bacteria
dsDNA

Flagellin

meso-DAP

NOD-2

MDP

Fig. 18.1b The NLR signalling
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of MDP and NLRP1 has not been reported. How-
ever, certain studies speculate the role of NOD-2
in binding to MDP and then activating the
NLRP1 inflammasome (Hsu et al. 2008). Certain
unknown factors seem to govern whether NOD-2
will activate the inflammasome or the NF-κB
pathway.

Since NLRP1 has both the CARD domain and
the PYD domain, it can bind to pro-caspase-1
directly by the CARD domain, and thus, the role
of ASC seems redundant (Faustin et al. 2007).
Also, it has been shown that the activation of
caspase-1 directly by the NLRP1 or via ASC
determines the action of activated caspase-1. If
the activation of caspase-1 involves the recruit-
ment of ASC, the activated caspase-1 causes the
proteolytic processing of pro-IL-1β and pro-IL-
18; however, when it is activated directly by the
NLRP1, it most likely causes pyroptosis (Broz
et al. 2010).

18.3.7 NLRP3

The most characterized NLR which forms the
inflammasome is the NLRP3. This NLR has a
PYD domain (Table 18.3); hence the role of
ASC is absolutely necessary for the formation of
the inflammasome. Two triggers are necessary for
the formation of NLRP3 inflammasome: (1) acti-
vation of NF-κB, resulting in the transcription of
various pro-forms of the cytokines and of NLRP3
itself (also known as priming) (Bauernfeind et al.
2009), and (2) the stimulus which activates the
NLR. In most of the cases, lipopolysaccharide
(LPS) acts as the first trigger and activates the
NF-κB. However, many ligands such as extracel-
lular ATP, monosodium urate crystals, amyloids,
viral RNA, pore-forming toxins, fungal hyphae,
alum, asbestos, silica, etc. may act as the second
trigger. The vast varieties of ligands which stim-
ulate the formation of NLRP3 inflammasome lead
to the proposal of three models for the activation
of the NLRP3 inflammasomes:

1. The first model proposed the involvement of
P2X7 receptors in activation of NLRP3
inflammasomes by extracellular signals such

as ATP, which is released by dead and dying
cells. In response to ATP, the P2X7 receptors
induce high K+ efflux, leading to activation of
NLRP3 inflammasomes. It was also thought
that P2X7 receptors initiate the opening of
pannexin-1 channels in the outer membrane,
giving access to various PAMPs and DAMPs
into the cytosol, which leads to the activation
of NLRP3 inflammasomes (Pelegrin and
Surprenant 2006). However, a group showed
the cells deficient in pannexin-1 channels also
activated the NLRP3 inflammasomes,
disproving the involvement of pannexin-1
channels (Qu et al. 2011).

2. The second model proposes the involvement
of ROS in activation of the NLRP3
inflammasomes since most of the known
agonists of NLRP3 inflammasomes are
known to generate ROS. Also, chemical
inhibitors of ROS production decrease the
IL-1β secreted by the cells after being
stimulated with ATP (Dostert et al. 2008). It
has also been observed that ROS production
causes the NLRP3 to dissociate from its inhib-
itor and interact with TXNIP leading to
inflammasome assembly (Zhou et al. 2010).

3. The third model suggests that many of the
PAMPs and DAMPs which activate NLRP3
inflammasomes are known to utilize the
endocytic pathways of the cell to enter
it. Some of them are also known to cause
damage to the lysosomes, releasing its content
into the cytosol. Cathepsin B is one such pro-
tease which is thought to be involved in
activating the NLRP3 inflammasome as phar-
macological inhibitors of cathepsin B decrease
the NLRP3 inflammasome activation. How-
ever, in macrophages deficient in
cathepsin B, NLRP3 inflammasome formation
is not abolished (Duncan et al. 2009). This
discrepancy may be due to other cathepsins
like cathepsin D present in the cells taking up
the role of cathepsin B. However, this needs to
be studied further in detail.

Another upcoming ideology for the activation
of NLRP3 inflammasomes is disruption in the ion
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balance (mainly that of calcium). It is believed
that all the above-mentioned agonists disrupt the
ion balance of the cell which is eventually
detected by the NLRP3 inflammasome leading
to its activation (Lee et al. 2013; Murakami
et al. 2012).

18.3.8 NLRC4

NLRC4 is the only characterized inflammasome
without a PYD domain. Since, this inflammasome
itself contains a CARD domain (Table 18.3), it
can directly bind to pro-caspase-1 and cleave it
and may cause pyroptosis. The most common
agonist for NLRC4 inflammasome is flagellin
and flagellar proteins which are translocated into
the cytoplasm by the secretion systems of the
bacteria (Miao et al. 2010). However, a direct
interaction between these flagellar components
and the NLRC4 has not been found indicating
the involvement of a mediator for the same.
Some reports also suggest the role of other
NLRs, namely, Naip5 and 6, in the recognition
of the flagellar components, which further acti-
vate the NLRC4 inflammasome (Lightfield et al.
2008). Also, the downstream signalling of
NLRC4 is dependent on its binding to the ASC
adaptor molecule, i.e. if it binds directly to the
pro-caspase-1 via its CARD domain, it leads to a
pro-inflammatory cell death named pyroptosis,
and if it binds to pro-caspase-1 via the adaptor
molecule ASC, it leads to the processing of IL-1β
and IL-18, which is independent of cell death
(Mariathasan et al. 2004). The involvement of
NLRC4 in the recognition of pathogenic bacteria,
namely, Salmonella, Shigella, Pseudomonas and
Legionella, has been reported (Franchi et al.
2009). The activation of NLRC4 inflammasome
after infection with Salmonella and Legionella
leads to pyroptosis; however, in case of Shigella
and Pseudomonas infection, NLRC4
inflammasome seems to be involved only in the
IL-1β and IL-18 processing and not in causing
pyroptosis (Schroder and Tschopp 2010). In case
of Legionella, Naip5 has also been implicated in
the activation of the NLRC4 inflammasome
(Lightfield et al. 2011).

18.3.9 AIM2

AIM2 is not an NLR protein, but due to a high
similarity with the NLR inflammasome, AIM2
inflammasome has been classified in the same
group. The AIM2 protein consists of an
N-terminal pyrin domain and a C-terminal
HIN200 domain. The pyrin domain of AIM2
interacts with the adaptor molecule ASC, which
in turn binds to the pro-caspase-1. The HIN200
domain of the AIM2 has been studied to bind to
dsDNA. Pertaining to this property of the AIM2
protein, the AIM2 inflammasome gets activated
in response to cytosolic bacteria such as
Francisella. On recognition of the dsDNA, the
AIM2 inflammasome gets activated which results
in the activation of caspase-1 leading to cell death
and processing of IL-1β and IL-18 (Fernandes-
Alnemri et al. 2010).

18.3.10 NLRs and Diseases

Many of the metabolic and auto-immune diseases
such as type I and type II diabetes mellitus and
atherosclerosis are a result of an overwhelming
immune response. Type I diabetes mellitus is a
condition in which there is a reduced level of
insulin in the body. This decrease in insulin pro-
duction is a result of cell death of beta cells of the
pancreas which are known to produce insulin.
This cell death of beta cells has been found as a
result of an increased production of IL-1β
(Mandrup-Poulsen et al. 2010). Also, in the case
of type 2 diabetes mellitus, wherein the cells
develop resistance to insulin, IL-1β has been
found to be the culprit. IL-1β has been found to
impair insulin signalling, hence leading to the
disease (Lagathu et al. 2006). Pertaining to this,
some drugs have been designed to inhibit the
NLRP3 inflammasome, thus reducing the produc-
tion of IL-1β and hence leading to their
antidiabetic effect (Lamkanfi et al. 2009).

Atherosclerosis is an auto-immune disease in
which there is an accumulation of cholesterol in
the blood vessels. This deposition of cholesterol
results in the recruitment of immune cells to them.
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An overwhelming action of the immune cells on
these deposits results in atherosclerotic lesions. It
has been reported that cholesterol crystals formed
in this condition are recognized by the NLRP3
inflammasome, which leads to the release of
IL-1β (Duewell et al. 2010). Also, the atheroscle-
rotic lesions were observed to reduce upon the
diminution of IL-1β in mice model which develop
atherosclerosis in response to high cholesterol
conditions (Kirii et al. 2003).

Interestingly, apart from their harmful role,
inflammasomes also play a protective role in
some conditions. In the case of colorectal cancer
and inflammatory bowel disease, both of which
result from excessive inflammatory cytokine pro-
duction such as TNFα, IL-1α/β and IL-6,
inflammasomes have been reported to reduce the
inflammation. In a drug-induced colitis and colo-
rectal cancer models of mice, a higher inflamma-
tory response was observed in the absence of
NLRP3, ASC or caspase-1 (Allen et al. 2010;
Zaki et al. 2010). Another group confirmed an
increase in NF-κB and MAPK activation in
caspase-1 knockout mice (Dupaul-Chicoine
et al. 2010).

18.4 The Scavenger Receptors

Scavenger receptors (SRs) are a group of
membrane-bound receptors mainly known for
their role in endocytosis and degradation of
modified low-density lipoproteins (LDL), e.g.,
OxLDL (oxidative low-density lipoproteins) or
AcLDL (acetylated LDL) and also in the differ-
entiation of macrophages into foam cells leading
to a chronic inflammatory condition called
atherosclerosis.

In view of the growing list of SR ligands,
which now includes exogenous PAMPs such as
lipopolysaccharide (LPS), lipoteichoic acid
(LTA), bacterial CpG DNA and yeast
zymosan/β-glucans and microbial surface
proteins in addition to altered-self targets
(DAMPs), the SRs can be now termed as PRRs.
Currently, SRs are categorized into ten classes
designated from A to J (Prabhudas et al. 2014).
These include structurally heterogenous proteins
which share primary sequence similarity but have

very less or no homology among classes. How-
ever, this disparate collection of proteins is
grouped based on their ability to recognize a
broad range of ligands and shared functional
properties. Besides acting as PRRs, SRs can also
co-operate with other types of receptors, for
example, TLR2 or TLR4, thereby increasing the
variability of the macrophage response to multi-
ple extracellular ligands.

18.5 Structure, Function
and Signalling of SRs Known
to Act as PRR for Bacteria or
Bacterial Ligands

Similar to other PRRs, scavenger receptors play a
central role in innate immunity. Here we are
going to discuss the structure, function and sig-
nalling mechanism of some of the scavenger
receptors in response to whole bacteria or bacte-
rial ligands (Fig. 18.2).

18.5.1 SR-A1 and SR-A6 (Macrophage
Receptor with Collagenous
Structure (MARCO))

Both SR-A1 and MARCO belong to class A SR
and are widely known to recognize various bacte-
rial ligands.

18.5.1.1 Distribution
These receptors are abundantly expressed on
immune cells such as macrophages, dendritic
cells and monocytes (Canton et al. 2013). Their
expression also gets upregulated in response to a
bacterial ligand such as LPS (Fitzgerald et al.
2000; Jing et al. 2013).

18.5.1.2 Structure
Class A SR are type II membrane glycoproteins
with the N-terminal containing a short cytoplas-
mic tail, the transmembrane domain, the extracel-
lular α-helical coiled coil, a long collagenous
domain and cysteine-rich C-terminal. The collag-
enous domain has been identified as the ligand
binding site of these receptors (Resnick et al.
1996; Zani et al. 2015).
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18.5.1.3 Agonists
Ligands of SR-A1 and MARCO that have been
identified till date include gram-negative and
gram-positive bacteria, LPS, LTA, CpG, and sur-
face proteins of Neisseria meningitidis.

18.5.1.4 Function and Signalling
Pathways

Both SR-A1 and MARCO regulate various mac-
rophage activities. For example, SR-A1 binding
to bacterial ligands such as LPS, LTA or bacterial
surface proteins results in the non-opsonic phago-
cytosis and killing of the bacteria (Ben et al. 2015;
Kim et al. 2004; Pluddemann et al. 2009). SR-A1
modulates the endocytosis of various exogenous
and endogenous ligands in association with
clathrin or caveolin-1. Also, activation of SRA1
triggers signalling pathways involving MAPKs,
protein kinase C, PI3K and NF-κB resulting in the
pro-inflammatory cytokine production (Coller
and Paulnock 2001; Hsu et al. 2001; Hsu et al.
1998; Kim et al. 2003; Nakamura et al. 2006; Zhu
et al. 2011). During infection, expression of

MARCO in macrophages is highly upregulated
by TLR-mediated signalling on recognition of
microbial ligands such as LPS and LTA (Doyle
et al. 2004; Mukhopadhyay et al. 2006;
Mukhopadhyay et al. 2004). Elevated levels of
MARCO result in efficient scavenging and deliv-
ery of microbial ligands to TLRs, thus enhancing
their function (Mukhopadhyay et al. 2011). More-
over, MARCO binding to microbial ligands
activates key signalling events involving PKA,
NF-κB, PI3K and FCγR-mediated phagocytosis,
etc. (Arredouani 2014). Upregulation of MARCO
in dendritic cells induces phenotypic changes
such as the formation of plasma membrane-
derived dendrites and lamellipodia which may
enhance the phagocytic ability of the cells
(Granucci et al. 2003; Pikkarainen et al. 1999).
Besides modulating immune cell functions, class
A SRs often initiate intracellular signalling events
in association with other membrane receptors,
therefore acting as co-receptors. For example,
SR-A receptors (such as SR-A1 and MARCO)
in some cases physically associates with TLR4/
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TLR2/TLR3 or NLRs resulting in enhanced
pro-inflammatory responses and strong immune
defence (Bowdish et al. 2009; Mukhopadhyay
et al. 2011). Furthermore, class A SRs are also
involved in eliciting pathogen-specific immune
response as evident from the studies involving
SR-A1/MARCO knockout mice that display
altered spleen morphology and lower circulating
IgM and IgG antibodies against bacterial surface
proteins.

18.5.2 CD36/SR-B2

It is a member of class B SR.

18.5.2.1 Distribution
CD36 is present in various cell types such as
monocytes, macrophages, hepatocytes,
adipocytes, platelets, B-lymphocytes, epithelial
and endothelial cells.

18.5.2.2 Structure
It is a type III membrane protein containing two
transmembrane domains, an extracellular loop
and short intracellular N- and C-terminals.
SR-B1 and SR-B3 are the other members of this
class. The extracellular domain is the ligand bind-
ing site of these receptors. The short intracellular
tails are involved in signal transduction and traf-
ficking. These proteins can form dimers or
multimers and are highly glycosylated or
acylated. Glycosylation is essential for the proper
folding, trafficking and for the functionality of
these receptors (Pepino et al. 2014; Silverstein
and Febbraio 2009).

18.5.2.3 Agonists
Bacterial ligands that are recognized by the class
B SRs include LPS, LTA, diacylated lipoproteins,
gram-negative and gram-positive bacteria.

18.5.2.4 Function and Signalling
Pathways Activated

CD36 is enriched in the cholesterol-rich mem-
brane microdomains called lipid rafts, where it
interacts with other receptors such as TLRs or
integrins and triggers signalling events involving

cellular kinases (Zani et al. 2015). For example,
upon stimulation with lipoproteins or
diacylglycerides, CD36 associates with TLR2/6
heterodimers within the lipid rafts. This interac-
tion is crucial for triggering inflammatory
responses (Triantafilou et al. 2006). Additionally,
as co-receptors they can activate TLR2/6- or
TLR4/6-mediated NF-κB activation involving
MAPKs leading to pro-inflammatory responses
against microbial ligands such as LTA, MALP-
2 and modified self-ligands (Hoebe et al. 2005;
Stewart et al. 2010). Also, it was found that on
recognition of LPS, CD36 in association with
TLR4 is involved in E. coli endocytosis by mam-
mary epithelial cells. Further it induces inflamma-
tory response involving NF-κB- and
JNK-mediated AP-1 activation (Cao et al.
2016). CD36, when expressed in HEK 293 cells,
can bind to several gram-negative and gram-
positive bacteria resulting in their phagocytosis
or production of inflammatory responses involv-
ing JNK-mediated signalling (Baranova et al.
2008).

18.5.3 LOX-1 and Dectin-1

These are the members of class E SR.

18.5.3.1 Distribution
These receptors are found in different cell types
such as endothelial and epithelial cells,
macrophages, platelets, DCs, adipocytes and
neutrophils. In resting cells, the level of LOX-1
is relatively low but gets upregulated by inflam-
matory stimuli such as TNFα, oxidative stress,
shear stress, OxLDL, phorbol esters, etc.
Overexpression of LOX-1 in CHO cells resulted
in bacterial recognition and uptake (Mehta et al.
2006).

18.5.3.2 Structure
These are type II transmembrane proteins with an
N-terminal cytoplasmic domain, a single trans-
membrane region, and extracellular coiled-coil
domain followed by a C-type lectin-like domain.
The members of this class structurally belong to a
subfamily of C-type-lectin (CLEC)-like NK cell
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receptor family and include LOX-1 and Dectin-1
(Ohki et al. 2005; Thakkar et al. 2015).

18.5.3.3 Agonists
LOX-1 can recognize few gram-positive and
gram-negative bacteria, peptidoglycans and phos-
phate groups within the repeating units of LTA
present on the surface of gram-positive bacteria
(Park et al. 2005; Shimaoka et al. 2001). Dectin-1
recognizes β-glucan-rich ligands present in fungal
cell walls and some bacteria such as Alcaligenes
faecalis and Mycobacterium species (Huysamen
and Brown 2009; Palma et al. 2006; Schorey and
Lawrence 2008).

18.5.3.4 Function and Signalling
Pathways Activated

In DCs, LOX-1 mediates uptake of antigens and
antigen cross-presentation (Delneste et al. 2002).
LOX-1-induced inflammatory response involves
ERK1/2 or p38 MAPK, NF-κB activation and
NADPH oxidase (NOX)-mediated ROS genera-
tion (Lee et al. 2008; Lubrano and Balzan 2014;
Zhao et al. 2014). During bacterial infection,
LOX-1 signalling stimulates inflammation, cyto-
kine production and increased neutrophil recruit-
ment (Wu et al. 2011). LOX-1 can bind to surface
membrane proteins of Enterobacteriaceae and
can trigger the activation of TLR2 (Jeannin et al.
2005). Dectin-1 along with TLR2 mediates
inflammatory cytokine production in response to
β-glucans and induces phagocytosis involving a
Syk-independent pathway (Huysamen and
Brown 2009; Schorey and Lawrence 2008).

18.5.4 SR-F1/SREC-1

It is a member of class F SR.

18.5.4.1 Distribution
Present in endothelial cells and in immune cells
such as macrophages, DCs, etc. It was reported
that the SR-F1 expression is upregulated by LPS;
however, pro-inflammatory cytokines such as
TNF-α and IL-1 suppress its expression.

18.5.4.2 Structure
These are type I membrane receptors and contains
a long extracellular domain with multiple epider-
mal growth factor (EGF)-like repeats, transmem-
brane region, large cytoplasmic tail rich in serine/
proline (SR-F1) or arginine/lysine (SR-F2)
(Tamura et al. 2004). This class includes three
members SR-F1, F2 and F3.

18.5.4.3 Agonists
Ligands of these receptors include gram-negative
and gram-positive bacteria, LPS, fungal
pathogens, zymogen granule proteins, etc.

18.5.4.4 Function and Signalling
Pathways

SR-F1 mediates its signalling by localizing in
cholesterol and sphingolipid rich-membrane
microdomains called lipid rafts. Within the lipid
rafts, it is found to interact with TLRs and induce
innate immune signalling involving MAPK lead-
ing to inflammatory responses against microbial
ligands such as LPS. Activation of inflammatory
signalling by SR-F1/TLR also involves recruit-
ment of other molecules such as Cdc42 and
non-receptor tyrosine kinase c-Src into the lipid
rafts (Murshid et al. 2015a; Murshid et al. 2015b).
It was also reported that recognition of outer
membrane protein A (OmpA) from
K. pneumoniae by SR-F1 and LOX-1 present in
DCs and macrophages results in TLR2-dependent
IL-6 and IL-8 production (Jeannin et al. 2005). In
THP-1 cells, poly I:C-induced SR-F1 and TLR3
interaction led to phosphorylation and activation
of MAPKs p38, JNK and NF-κB resulting in IL-8
and IL-6 production (Murshid et al. 2016). SR-F2
in some cases forms heterodimers with SR-F1.
Role of SR-F2 and SR-F3 during microbial infec-
tion is yet to be elucidated.

18.5.5 SR-PSOX or CXCL16

This is the only known member of class G SR.
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18.5.5.1 Distribution
This receptor is selectively expressed in APCs
such as DCs and macrophages. It exists in both
membrane and soluble forms. It is highly
upregulated during bacterial infection and inflam-
mation (Wittel et al. 2015; Xu et al. 2005).

18.5.5.2 Structure
SR-PSOX is a type I transmembrane receptor
with an extracellular N-terminal domain
consisting of a CXC chemokine motif fused to a
glycosylated mucin-like stalk, a transmembrane
region and a short cytoplasmic tail. It does not
share structural homology with other scavenger
receptors (Shimaoka et al. 2003).

18.5.5.3 Agonists
SR-PSOX was found to recognize gram-negative
and gram-positive bacteria. Since it is known to
recognize negatively-charged molecules, LTA
present on the gram-positive bacteria could be
an agonist of SR-PSOX, while ligands of gram-
negative bacteria remain to be identified
(Shimaoka et al. 2003).

18.5.5.4 Function and Signalling
Pathways

The soluble form acts as a ligand for CXCR6
present on naïve or type I polarized CD4+ or CD8
+ T cells and NK cells and results in their migra-
tion to the inflammatory sites (Matloubian et al.
2000; Slauenwhite and Johnston 2015). The
membrane-bound form facilitates the phagocyto-
sis of bacteria by APCs (Shimaoka et al. 2003).
SR-PSOX was found to induce immune
responses on recognition of CpG-rich DNA
found in bacterial pathogens by interacting with
TLR9 leading to the activation of Myd88-
dependent NF-κB pathway (Gursel et al. 2006).

18.5.6 SR-I1 or CD163

This is a member of class I SR.

18.5.6.1 Distribution
It is present in immune cells such as monocytes
and macrophages.

18.5.6.2 Structure
These are type I transmembrane proteins with an
extracellular domain containing nine scavenger
receptor cysteine-rich (SRCR) domain, a trans-
membrane region and short intracellular cytoplas-
mic tail and include two members SR-I1 and
SR-I2 (Etzerodt and Moestrup 2013).

18.5.6.3 Agonists
CD163 recognizes gram-positive and gram-
negative bacteria.

18.5.6.4 Function and Signalling
Pathways

SR-I1 functions as an innate immune sensor for
gram-positive and gram-negative bacteria and can
induce cytokine production against the bacteria
by the cells expressing this receptor, thus
preventing the growth of bacterial pathogens
(Etzerodt and Moestrup 2013; Fabriek et al.
2009; Kneidl et al. 2012).

18.5.7 RAGE: Member of Class J SR

18.5.7.1 Distribution
This receptor is present in neurons, alveolar epi-
thelial cells and endothelial cells.

18.5.7.2 Structure
These are type I transmembrane proteins
containing an extracellular N-terminus with
three Ig-like regions, a single transmembrane
domain and a short C-terminal cytoplasmic
domain. RAGE is the only member of this class,
and it belongs to immunoglobulin
(Ig) superfamily of cell surface molecules (Koch
et al. 2010).

18.5.7.3 Agonists
Some of the known ligands of these receptors
include advanced glycation end products (AGE),
β-amyloids, S100 proteins, LPS, gram-negative

272 A. Gulati et al.



and gram-positive bacteria (Bierhaus et al. 2001;
Chuong et al. 2009; Kierdorf and Fritz 2013).

18.5.7.4 Function and Signalling
Pathways Activated

RAGE act as a PRR and can recognize harmful
microbial and endogenous ligands released dur-
ing tissue injury or inflammation. The expression
of RAGE under physiological conditions is very
low, but it gets upregulated during inflammatory
conditions. RAGE was found to interact with
some TLRs functionally, for example, TLR4, to
coordinate and regulate immune responses. Also,
RAGE was found to interact with both TIRAP
and MyD88 which are adaptor molecules used by
TLRs to activate downstream signalling
(Bertheloot et al. 2016; Sakaguchi et al. 2011).
The signalling mediators activated by RAGE
include MAPKs and transcription factors such
as NF-κB and AP-1. Activation of NF-κB results
in the transcription of various genes including
cytokines, adhesion molecules and RAGE itself.
Hence, activation of NF-κB provides a positive
feedback loop to amplify the responses induced
by ligand binding to RAGE (Chuong et al. 2009;
Ibrahim et al. 2013; Kierdorf and Fritz 2013;
Yamamoto et al. 2011).

18.6 Scavenger Receptors
in Diseases

In view of the number of receptors that make up
the scavenger receptor family, diverse ligands
that the scavenger receptors recognize and the
multitude of functions the SRs perform on recog-
nition of ligands, it is expected that the scavenger
receptors can be involved in the pathogenesis of
various diseases. Some of the diseases in which
SRs were implicated to play a major role in the
disease development and progression include car-
diovascular diseases such as atherosclerosis,
thrombosis, Alzheimer’s, type II diabetes
mellitus, demyelinating disease, etc. However,
the detailed mechanism and the extent of SR’s
involvement in the disease development still
remain to be evaluated in detail.

Atherosclerosis and Alzheimer’s disease are
chronic inflammatory diseases involving
dysregulated macrophages and characterized by
a complex interaction between metabolic and
immune processes leading to the formation of
lesions or plaques. The key event in the develop-
ment of these diseases is the inability of the
macrophages to properly dispose off modified
LDLs (moLDLs). These modified LDLs are
highly pro-inflammatory and can induce apopto-
sis of cells resulting in the release of factors that
further modify the LDLs and recruit more
macrophages. The recruited macrophages rapidly
recognize and take up the moLDLs using various
SRs in order to reduce the inflammation. How-
ever, the processes distal to the SR lipid uptake
that metabolize and degrade the moLDLs get
overwhelmed resulting in the formation of
cholesterol-laden macrophages called foam cells
and the generation of atherosclerotic plaques
(Kzhyshkowska et al. 2012; Moore and Freeman
2006). Similarly, in Alzheimer’s disease, brains
of patients contain senile plaques that contain
β-amyloid fibrils, microglia and astrocytes. Liga-
tion of AGE-modified molecules or β-amyloid
proteins to the SRs present on the microglia
results in macrophage activation, upregulation of
adhesion molecules and generation of toxic ROS
or RNS (Eugenin et al. 2016; Wilkinson and El
Khoury 2012). However, these molecules signifi-
cantly cause neuronal death resulting in the pro-
gression of the disease. Some of the SRs that have
been extensively studied for their role in athero-
sclerosis and Alzheimer’s disease include SR-A1,
MARCO, CD36, LOX-1, SR-PSOX and RAGE.

Type II diabetes is a metabolic disorder
characterized by the accumulation of fatty acids
and lipids in the cells leading to changes in insulin
signalling and ultimately resulting in the develop-
ment of insulin resistance. Fatty acid uptake in
insulin-sensitive tissue such as adipocytes, car-
diac and skeletal muscles is mediated by CD36.
In patients with diabetes, glucose-modified
proteins such as AGEs accumulate on myelin
and ECM proteins and can alter processes such
as cell adhesion, growth and matrix accumula-
tion, thus resulting in the development of periph-
eral neuropathy. Some of the SRs that are known
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to recognize AGEs include SR-PSOX, CD36,
SR-A and SR-B1 (Canton et al. 2013; Goldin
et al. 2006; Pickup 2004).

While the above-mentioned diseases are
developed as a result of hyper activation of SRs,
demyelinating disease is a result of a decrease in
SR activity. Inadequate SR activity results in the
accumulation of potential neurotoxic debris in the
nervous system. For example, SR-A in mouse
macrophages mediates removal of damaged mye-
lin (Hendrickx et al. 2013; Popescu and
Lucchinetti 2012).
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Abstract

Pore-forming toxins (PFTs) are a distinct class
of membrane-damaging protein toxins
documented in a wide array of life forms rang-
ing from bacteria to humans. PFTs are known
to act as potent virulence factors of the bacte-
rial pathogens. Bacterial PFTs are, in general,
secreted as water-soluble molecules, which
upon encountering target host cells assemble
into transmembrane oligomeric pores, thus
leading to membrane permeabilization and
cell death. Interaction of the PFTs with the
target host cells can also lead to plethora of
cellular responses having critical implications
for the bacterial pathogenesis processes, host-
pathogen interactions, and host immunity. In
this review, we present an overview of our
current understanding of the structural aspects
of the membrane pore-formation processes
employed by the bacterial PFTs. We also dis-
cuss the functional implications of the PFT
mode of actions, in terms of eliciting diverse
cellular responses.

Keywords
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19.1 Introduction

Plasma membrane is one of the most critical
components of cellular systems. It acts as a
semipermeability barrier between the cell and
the extracellular milieu. In doing so, plasma
membrane compartmentalizes the cellular archi-
tecture, while at the same time allowing the cell to
sense and respond to the extracellular cues. Integ-
rity of the plasma membrane is, therefore, essen-
tial for the survival and sustenance of the living
cell. Disruption of the plasma membrane is
regarded as one of the ancient, yet conserved,
forms of cell-killing mechanisms and is com-
monly observed in the diverse life forms starting
from bacteria to humans. Killing of the target
cells via membrane permeabilization is com-
monly observed in the virulence mechanisms of
the wide array of pathogenic bacteria. Pathogenic
bacteria employ a specialized class of membrane-
damaging toxins that act by forming pores in the
target cell membranes, and, accordingly, they are
designated as pore-forming toxins (PFTs). PFTs
represent the largest class of bacterial toxins and
act as the potent virulence factors for the bacterial
pathogens. Bacterial PFTs display remarkable
structural and functional similarity to the PFTs
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found in eukaryotes, cnidarians, and higher
vertebrates (Dal Peraro and van der Goot 2016;
Morgan et al. 2017; Rai and Chattopadhyay
2015b). Pore formation on the membranes is a
mechanism used by the pathogenic bacteria not
only for the purpose of membrane permeabi-
lization but also for various other functionalities.
For example, the A-B-type toxins (like diphtheria
toxin and cholera toxin) mimic PFTs in their
mode of actions, where the B-components form
channels across the membranes for the transloca-
tion of their catalytic A-subunits into the target
cells (De Haan and Hirst 2004; Collier 1975).

The general mode of action of the bacterial
PFTs involves the following steps: (i) secretion
of the toxin from the bacterial pathogen,
(ii) binding of the toxin to the target cell
membranes, (iii) oligomerization of the toxin on
the membrane, and (iv) transmembrane pore for-
mation (Fig. 19.1). One of the most remarkable
features of the bacterial PFTs is the conversion of
the toxin from the water-soluble monomeric state
to the oligomeric transmembrane pore form. For
this, the PFT molecule undergoes array of struc-
tural/conformational changes. The most promi-
nent structural change that occurs during the
membrane pore-formation process of the PFTs is
the reorganization of the pore-forming motif
(s) and their insertion into the hydrophobic envi-
ronment of the membrane lipid bilayer (Dal
Peraro and van der Goot 2016). Thus, PFTs are
the unique class of dimorphic proteins that are

initially synthesized as water-soluble entities and
upon interacting with the target cell membranes
adopt a structure compatible with the amphipathic
environment of the membrane lipid bilayer
(Heuck et al. 2001). PFT structure-function para-
digm, therefore, contradicts the conventional
notion of the ‘one-sequence-one-structure’
hypothesis.

19.2 Structural Classification
of the PFTs

PFTs can be classified based on the structural
motifs that are employed to generate the trans-
membrane pore architecture. The PFTs are thus
categorized either as α-PFTs that use α-helices to
form the transmembrane pore or β-PFTs that gen-
erate β-barrel pores (Lesieur et al. 1997)
(Fig. 19.2).

19.2.1 a-PFTs

Colicins are the typical examples of the α-PFTs.
Colicins are generally secreted by Escherichia
coli to kill bacteria of the related species by
punching holes in the bacterial inner membranes
(Lakey and Slatin 2001). Colicins, in their soluble
state, possess hydrophobic α-helices sequestered
within the amphipathic α-helical bundles (Parker
et al. 1989). Upon attaching to the target

Fig. 19.1 Generalized
mechanism of membrane
pore formation by the
bacterial PFTs
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membranes, the amphipathic bundles open up
allowing the hydrophobic α-helical hairpins to
insert into the lipid bilayer, thus forming the
transmembrane α-helical pores (Ridley et al.
2010). Colicin-fold has also been observed in
other bacterial toxins as well as in eukaryotic
proteins (Zakharov and Cramer 2002). The trans-
location domain of the diphtheria toxin possesses
this colicin-fold, which mediates the pore forma-
tion in the endosomal membranes, thereby
facilitating the translocation of the catalytic sub-
unit of the toxin that causes the ADP-ribosylation
of eEF2 (eukaryotic translation elongation factor
2), leading to its inactivation (Oh et al. 1999). Cry
toxin, secreted by Bacillus thuringiensis, also
exhibits colicin-fold (Xu et al. 2014). In
eukaryotes, pore-forming BAX and BAK
proteins of the mitochondrial apoptotic pathway
display colicin-like structural folds (Westphal
et al. 2011).

Cytolysin A (ClyA) and its related hemolysins
secreted by certain strains of E. coli, Salmonella
enterica, and Shigella flexneri constitute another
distinct class of α-PFTs (Hunt et al. 2010). Except
for a short β-tongue motif, ClyA structure
displays an α-helical secondary structure disposi-
tion (Wallace et al. 2000). Upon membrane inter-
action, the β-tongue attaches itself to the

membrane by segregating from the rest of the
toxin core. This induces conformational changes
in the amphipathic α-helices, which in turn
approaches the membrane surface and inserts
into the membrane (Mueller et al. 2009).

Actinoporins constitute another distinct family
of α-PFTs. Actinoporins are the toxins secreted
by the sea anemones in order to guard themselves
from the predators, or to paralyse their prey, by
punching holes in the target cell membranes.
These proteins have a β-sandwich core structure,
with the two flanking α-helical segments. Upon
membrane association, the N-terminal α-helix
detaches itself from the core β-sandwich domain
and inserts into the membrane lipid bilayer
resulting in the formation of the transmembrane
pore (Rojko et al. 2016). Thermostable direct
hemolysin (TDH) of Vibrio parahaemolyticus is
the only known bacterial PFT that appears to
display structural similarity to the actinoporin
α-PFTs (Kundu et al. 2017; Yanagihara et al.
2010). However, it still remains unknown
whether TDH indeed acts as an α-PFT.

19.2.2 b-PFTs

The β-PFT structures are generally abundant in
β-strands, and the so-called ‘pre-stem’ motif
remains packed against the core structure in the
soluble state of the toxin. Upon membrane bind-
ing, the ‘pre-stem’ regions of the β-PFT
protomers readjust themselves into antiparallel
β-hairpins and insert into the membranes in a
concerted manner, resulting in the formation of
the amphipathic β-barrel pores (Montoya and
Gouaux 2003; Heuck et al. 2001).

Staphylococcus hemolysins (α-hemolysin,
γ-hemolysin, leucocidin AB, leucocidin CD
Panton-Valentine leucocidin) (DuMont and
Torres 2014), aerolysin from Aeromonas
hydrophila (Podobnik et al. 2017), δ-toxins from
Clostridium perfringens (Huyet et al. 2013), and
Vibrio cholerae cytolysin (VCC) (De and Olson
2011) are some of the prominent members in the
β-PFT family that generate small β-barrel oligo-
meric pores in the target membranes.

Fig. 19.2 Structural classification of the PFTs. Cytolysin
A pore is shown as an example of α-PFT. S. aureus
α-hemolysin pore is shown as an example of β-PFT.
Structural co-ordinates corresponding to the transmem-
brane view of the PFTs were obtained from the Protein
Data Bank (PDB id of Cytolysin A pore: 2WCD; PDB id
of α-hemolysin pore: 7AHL). Structural models were
generated using PyMOL [DeLano, W. L. (2002) The
PyMOL Molecular Graphics System, found online
(www.pymol.org)]
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Cholesterol-dependent cytolysins (CDCs) rep-
resent a distinct subclass within the β-PFT family
that form large oligomeric pore complexes
(Reboul et al. 2016; Tweten et al. 2015). As the
name suggests, cholesterol appears to play an
obligatory role in the mode of action of these
β-PFTs. CDC oligomers are composed of around
30 to 50 protomers, where each monomer
contributes two β-hairpins to form the β-barrel
pore. CDCs are mostly secreted by the Gram-
positive bacteria; some of the prominent
examples are perfringolysin O (PFO) of Clostrid-
ium perfringens (Johnson and Heuck 2014),
listeriolysin O (LLO) from Listeria
monocytogenes (Koster et al. 2014),
intermedilysin (ILY) from Streptococcus
intermedius (Polekhina et al. 2005), and strepto-
lysin O (SLO) from Streptococcus pyogenes (Feil
et al. 2014). CDCs have also been shown to
possess the structural fold similar to those found
in the membrane attack complexes and the
perforins present in the mammalian immune sys-
tem (Reboul et al. 2016).

19.3 Membrane Binding Mechanism
of the PFTs

In order to exert its pore-forming activity, PFT
first interacts with the target cell membranes (Gil-
bert et al. 2014). Membrane binding appears to
increase the local concentration of the toxins onto
the membrane surface which, in turn, facilitates
the self-assembly of the PFT protomers, presum-
ably due to restricted diffusion of the toxin
molecules on the two-dimensional platform of
the membrane surface. Binding of the PFTs may
take place via interactions with the membrane
lipids, as well as specific cell surface receptors,
or receptor-like molecules (Geny and Popoff
2006). Analysis of the membrane interaction pro-
cesses employed by the PFTs also highlights
diverse structural mechanisms, where specific
structural motifs within the PFT molecular archi-
tecture appear to play critical roles towards rec-
ognition of the specific cell surface molecules.
Altogether, an efficient membrane interaction

appears to act as the critical initial event to drive
the subsequent steps of the membrane pore-
formation mechanism. Interaction of the PFTs
with the cell surface receptors may also trigger
an array of signalling cascades, leading to the
generation of a variety of cellular responses
(Bischofberger et al. 2012).

Specific receptors for certain PFTs have been
identified. ADAM10, a disintegrin and
metalloprotease 10, appears to be the proteina-
ceous cellular receptor that enables high-affinity
binding as well as execution of the cytotoxic
activity of Staphylococcus aureus α-hemolysin
(Wilke and Bubeck Wardenburg 2010).
Intermedilysin, a pore-forming toxin from Strep-
tococcus intermedius, has been shown to bind to
the human cells via specific interaction with
CD59, a GPI-anchored protein (Giddings et al.
2004). Cry cytotoxin produced by Bacillus
thuringiensis acts as a biological insecticide by
generating pores in the midgut epithelial cell
membranes of the insects. The receptors involved
in the binding of the Cry toxins include amino-
peptidase N and cadherin-like proteins.
Aerolysin, a β-barrel PFT secreted by the
Aeromonas species, has been shown to interact
with the GPI-anchored proteins (Diep et al. 1998;
Hong et al. 2002).

Vibrio cholerae cytolysin (VCC), a β-barrel
PFT secreted by the cholera pathogen Vibrio
cholerae, exhibits complex multiple modes of
interactions with the target cells. VCC appears
to associate nonspecifically with the membrane
lipid bilayer via amphipathicity-driven
partitioning (Chattopadhyay et al. 2002), whereas
specific interactions of the toxin with the mem-
brane phospholipid head groups are mediated via
specific structural motifs within the toxin (Rai and
Chattopadhyay 2015a). In addition, VCC
harbours two lectin-like domains, namely, the
β-trefoil and the β-prism domains that appear to
mediate interaction with the cell surface
glycoconjugates (Saha and Banerjee 1997). In
particular, the β-prism domain has been shown
to augment binding of VCC towards the cell
membranes, via specific recognition of the cell
surface glycans (Rai et al. 2013; Levan et al.
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2013). An earlier study has also indicated that the
glycophorin B, a sialoglycoprotein, may serve as
a receptor for VCC (Zhang et al. 1999). In addi-
tion to such interaction events, pore-forming
activity of VCC has also been found to be
regulated by the presence of specific membrane
lipids, like cholesterol and sphingolipids (Zitzer
et al. 2003; Paul and Chattopadhyay 2012; Zitzer
et al. 2001). Exact roles of such lipids in the
membrane interaction mechanism of VCC remain
unclear.

A separate subclass of β-PFTs, produced by
the numerous Gram-positive bacteria, is
designated as the cholesterol-dependent
cytolysins (CDCs) (Heuck et al. 2010). CDCs
exhibit obligatory requirement of cholesterol in
the target membranes to display their cytolytic
activity. In most of the cases, cholesterol has
been shown as the receptor for the CDCs on the
target membranes. CDCs have been shown to
employ specific structural motifs to recognize
and bind to the membrane cholesterol (Farrand
et al. 2010). In some cases, an accessory receptor
has also been implicated for the CDCs. For exam-
ple, human CD59 has been shown to act as an
assisting molecule for the activity of the
vaginolysin, a CDC that is produced by the
Gardnerella vaginalis (Zilnyte et al. 2015).

19.4 Membrane Pore-Formation
Mechanism of the PFTs

One of the most remarkable features of the PFT
mode of action is their conversion from the water-
soluble state to the transmembrane form. Mecha-
nistic details of such structural/organizational
changes in the PFTs during the membrane pore-
formation processes still remain enigmatic. One
of the most intriguing phenomena in the pore-
formation mechanism of the PFTs is the forma-
tion of multimeric protein complexes on the
membrane and membrane insertion of the specific
pore-forming regions to generate the transmem-
brane pore. In many PFTs, oligomerization and
insertion events are coupled and presumably syn-
chronous. The unique characteristic of the
membrane-inserted pore is that the hydrophobic

residues within the pore-forming region face
towards the membrane lipids, whereas hydro-
philic residues line the interior lumen of the
water-filled pore (Gouaux 1997). Based on the
structures of the membrane-spanning regions,
striking differences can be observed in the mem-
brane insertion mechanisms of the PFTs
(Iacovache et al. 2010). For α-PFTs, α-helices
are used to punch holes on the membrane,
whereas for the β-PFTs, β-strands of the mono-
meric units join hand to form a barrel-like struc-
ture that goes inside the membrane. β-PFTs can
be further classified as small β-PFT or large
β-PFT, based on the size of the pore they make
on the membrane. Staphylococcus aureus
α-hemolysin, aerolysin, and VCC are some of
the prominent examples of the small β-PFTs that
form heptameric channels, whereas CDCs make
use of 30 to 50 monomeric subunits for oligomer-
ization (Dal Peraro and van der Goot 2016).

In order to generate the transmembrane pores,
a designated structural motif (pore-forming
region) of the PFT must be able to insert into
the core of the membrane lipid bilayer. In the
water-soluble state of the protein, such a region
generally remains masked from the hydrophilic
aqueous environment. During the pore-formation
process, this designated transmembrane region
opens up and inserts into the membrane, which
appears to be facilitated by partial unfolding of
the protein at the tertiary structure level, upon
membrane binding. This presumably generates a
conformation that is highly unstable, as the
exposed hydrophobic segment(s) come in contact
with the aqueous environment. Thus, the interac-
tion of the newly exposed hydrophobic regions of
the transmembrane segment with the lipid mem-
brane appears to be a spontaneous process, at
least from the thermodynamic point of view.
This initial process would trigger and/or guide
the further steps of the membrane insertion. It is
needless to say that the successful insertion step
may not necessarily ensure functional pore for-
mation. The rearrangements/reorganization of
interactions within the inserted conformation is
also necessary for maintaining the ‘open pore’ in
the membranes.
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19.4.1 Colicins

The structural motif crucial for membrane pore
formation by colicins is composed of a bundle of
α-helices. Colicin structure undergoes partial
unfolding and adopts a ‘molten globule’ confor-
mation, which is considered to be crucial for the
subsequent membrane insertion of the pore-
forming region (Wiener et al. 1997; van der
Goot et al. 1991). It has been suggested that the
factors triggering this unfolding could be local
low pH micro-environment at the membrane
interface, increased temperature, or increased
negatively charged entities on the membrane.
The exact stoichiometry of colicin pores remains
unknown. It is proposed in an earlier study that
upon insertion into the membrane, the α-helices
move away from the hydrophobic core of the
protein to generate an ‘umbrella-like’ structure,
which then generates multimers of dimers or
trimers to form a functional pore (Lakey et al.
1991).

19.4.2 Cytolysin A Family

The cytolysin A family of α-PFTs includes sev-
eral toxins such as cytolysin A (ClyA) from E.
coli, S. flexneri, and S. enterica, hemolysin BL
(Hbl) from B. cereus, and non-haemolytic tripar-
tite enterotoxin (Nhe) from B. cereus (Hunt et al.
2010). The structural studies on ClyA toxin show
a unique pore-formation mechanism, in which a
β-hairpin first interacts with the cholesterol-rich
membranes; then, the distal N-terminal α-helix
inserts into the membrane. Subsequently,
12 monomers come together for oligomerization
and give rise to a ring-like helical barrel pore
(Mueller et al. 2009; Wallace et al. 2000). Other
members of the family also follow the similar
pore-formation mechanism; however, the number
of protomers in the final pore differs. Another
unconventional way of pore formation is
suggested in ClyA toxin, in which it forms
pre-pore oligomers in the outer-membrane
vesicles (OMVs) of the E.coli, and then
encounters cholesterol in the target cell

membranes, which finally leads to functional
pore formation (Fahie et al. 2013).

19.4.3 Membrane Insertion of b-PFTs

In case of the β-PFTs, water-soluble monomers
bind to the target membranes and undergo oligo-
merization, mostly in stoichiometric fashion, that
in turn triggers/facilitates membrane insertion of
the pore-forming region to create β-barrel pores
(Dal Peraro and van der Goot 2016). Oligomeric
transmembrane pore formation by the β-PFTs is
complicated but regulated and well-orchestrated
process. The factors and/or the mechanisms trig-
gering the structural/conformational changes in
the β-PFTs to form the transmembrane oligomeric
pores are still unclear to a major extent. The
overall understanding of the membrane insertion
processes by the β-PFTs is that the β-strand pairs
from the protomers of the oligomeric assembly
are inserted into the membrane so that the hydro-
phobic residues of the membrane-spanning
region are arranged outwardly from the pore lin-
ing, thereby facing and interacting with the
hydrophobic fatty acyl tails of the membrane
lipids. On the other hand, polar residues remain
exposed towards the interior of the water-filled
pore lumen, such that the passage of the polar
entities through the pore is facilitated.

Leukocidins, α-haemolysin, and γ-haemolysin
from the opportunistic pathogen S. aureus, Vibrio
cholerae cytolysin (VCC), and δ-toxin from
C. perfringens are some of the prominent
β-PFTs that are structurally well-characterized
(Dal Peraro and van der Goot 2016). Structural
data have provided insights regarding their oligo-
merization and membrane insertion mechanisms.
In general, these toxins are secreted as water-
soluble monomers, and upon interacting with
the membranes, they first oligomerize on the
membrane surface to generate the transient, meta-
stable pre-pore oligomeric assembly. After the
oligomerization step, the so-called ‘pre-stem’

motif(s) (composed of a β-strand pair) from each
of the protomers undergo conformational rear-
rangement and insert into the membrane to form
the transmembrane β-barrel pore. Structural
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analyses have shown heptameric/octameric stoi-
chiometric assembly of oligomerization for these
types of β-PFTs. Notably, the membrane insertion
step appears to be tightly correlated with the
oligomerization process; however, the exact
mechanism that regulates the membrane insertion
step, upon formation of the ‘pre-pore’, remains
elusive in most of the cases.

Placement of the pore-forming, amphipathic
stem region into the hydrophobic interior of the
membrane lipid bilayer would be thermodynami-
cally favourable; however, traversing the long
stretches of amphipathic β-strand pairs and/or
synergistic insertion of the β-barrel into the mem-
brane bilayer in the course of the pore formation
would be expected to face structural/energetic
constraints. Penetrating the amphipathic architec-
ture of the membrane lipid bilayer (hydrophobic
interior, with polar outer surface) by such struc-
tural motifs would require ‘making and breaking’
of interactions between the side chains of the
‘would be’ pore-forming region and membrane
lipid components. It is possible that concomitant
changes in the membrane lipid organization are
also triggered during the pore-formation process
so as to facilitate the membrane insertion step.
However, such issues still remain elusive, not
only in the context of the β-PFT pore-formation
mechanism but also in the context of the PFT
mode of actions in general.

Membrane pore-formation mechanisms of the
CDC-type β-PFTs are distinct from those of the
small pore-forming β-PFTs. In the water-soluble
form of the CDCs, two short α-helical regions
remain separated by the β-sandwich core. Upon
membrane interaction and oligomerization, the
α-helices show drastic conformational transition
to form β-hairpins that finally insert into the mem-
brane. Each protomer contributes two β-hairpins
in the pore architecture as compared to the single
β-strand pairs in the cases of the small pore-
forming β-PFTs. These two β-hairpins contribute
to the transmembrane β-barrel formation
depending on the stoichiometry of the final pore.
Structural studies have suggested that 30 to
50 monomers oligomerize by sequential addition
of the protomers into the extending multimeric
assembly. Conversion of the ‘pre-pore’ to the

‘pore’ state requires rotation of the core domain
and tilting of the β-strands with respect to the
membrane, a mechanism that is very similar to
the pore-formation process of the membrane
attack complex component and perforins (Reboul
et al. 2016).

19.4.4 Cellular Responses against
the PFTs

Membrane pore formation by the bacterial PFTs
results in the breaching of the permeability barrier
function of the target cell membranes that appears
to be fatal in most of the cases. Exposures to PFTs
often induce distinct types of cell death responses
in the target cells that include apoptotic, necrotic,
or pyroptotic cell death (Nelson et al. 1999;
Kennedy et al. 2009). However, cells may gener-
ate multiple responses to protect themselves
against the harassment caused by the PFTs as
well. For example, cells may evoke pathways to
repair the membrane damage upon pore forma-
tion by the PFTs (Andrews et al. 2014). Forma-
tion of the membrane blebs and outward
vesiculation are also shown to be triggered due
to the membrane-damaging activities of the PFTs
(Babiychuk et al. 2011). Another possible mech-
anism to remove the PFT pores from the plasma
membranes would be via endocytosis. The
endocytosed pores may then be purged out into
the extracellular milieu via an exosomal pathway
(Idone et al. 2008; Husmann et al. 2009). Activa-
tion of distinct cellular signalling pathways in
response to the bacterial PFTs has also been
observed in several cases (Khilwani and
Chattopadhyay 2015; Cassidy and O’Riordan
2013). Exposure to the bacterial PFTs has been
shown to trigger production of pro-inflammatory
and inflammatory molecules via activation of the
NF-κB pathway in the target cells (Dragneva et al.
2001; Khilwani et al. 2015). PFTs also lead to
modulation of the MAP kinase signal (Aguilar
et al. 2009; Wiles et al. 2008). Autophagic
responses are also triggered in the target cells in
response to PFTs, a process necessary to interrupt
the cytotoxic effects of the toxin (Gutierrez et al.
2007). The nature and the extent of such cellular
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responses evoked against the PFTs depend on the
specific PFTs and the cell types under attack, as
well as the extent of the PFT exposure.

19.5 Conclusions

PFTs and their membrane pore-formation
mechanisms have been studied over past several
decades. Results obtained from extensive studies
provide critical insights regarding the generalized
mode of actions of diverse types of PFTs includ-
ing those of bacterial origin. Vast ranges of stud-
ies also highlight that, apart from the membrane-
damaging direct cell-killing activity, PFTs can
also elicit a plethora of cellular responses. Based
on their molecular architectures, PFTs are classi-
fied into distinct structural subfamilies. At the
same time, distinct structural features are acquired
even within the specific PFT subfamily, so as to
meet appropriate diverse functional requirements.
It is also observed that PFTs from distinct
subfamilies sometime display ability to mediate
similar functional consequences. It still remains
an enigma, how the structure-function
relationships have evolved in the distinct types
of protein toxins in the PFT family. More studies
are required to explore the implications of the
similar/distinct features in the PFT sequences
and structures to understand such a notion. Struc-
tural basis of membrane pore formation by the
PFTs is another issue that still remains partly
understood. In depth studies, not only
investigating the structural descriptions of the
membrane pore complexes but also exploring
the dynamics of the membrane pore-formation
process would be required to address some of
the unanswered questions relevant to the PFT
mode of actions. Finally, it would also be impor-
tant to gain more comprehensive and detailed
insights regarding the diverse cellular responses
generated in the target host cells against various
PFTs. Such efforts are essential in understanding
the implications of the PFTs for the bacterial
pathogenesis as well as host-pathogen interaction
processes.
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Abiraterone and Ionizing Radiation
Alter the Sphingolipid Homeostasis
in Prostate Cancer Cells
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Abstract

Prostate cancer (PC) is one of the most com-
mon leading causes of cancer-related death in
men. Currently, the main therapeutic
approaches available for PC are based on the
androgen deprivation and on radiotherapy.
However, despite these treatments being
initially effective in cancer remission, several
patients undergo recurrence, developing a
most aggressive and resistant PC.

Emerging evidence showed that abiraterone
acetate drug will reduce PC recurrence by a
mechanism independent of the inhibition of
Cytochrome P450 17α-hydroxylase/17,20-
lyase. Here we describe the involvement in
the abiraterone-mediated PC cell death of a
particular class of bioactive lipids called
sphingolipids (SL). Sphingolipids are
components of plasma membrane (PM) that
organize macromolecular complexes involved
in the control of several signaling pathways
including the tumor cell death induced by
radiotherapy. Here, we show for the first time
that both in androgen-sensitive and insensitive

PC cells abiraterone and ionizing radiation
induce a reorganization of the plasma mem-
brane SL composition. This event is triggered
by activation of the PM-associated
glycohydrolases that induce the production of
cytotoxic ceramide by the in situ hydrolyses of
glycosphingolipids. Taken together our data
open a new scenario on the SL involvement
in the therapy of PC.

Keywords

Ionizing radiation · Abiraterone ·
Sphingolipids · Plasma membrane · Prostate
cancer · Glycohydrolases · Sialidase Neu3

20.1 Introduction

Prostate cancer (PC) is one of the most commonly
diagnosed malignant tumors and the second lead-
ing cause of cancer-related death in men (Jemal
et al. 2011). At early stages, PC growth and
development largely depend on androgens and
androgen receptor (AR)-signaling pathways and
respond to androgen deprivation therapy with
surgical or chemical castration. Although the use
of antiandrogen, such as GnRH agonists, or AR
antagonists, such as bicalutamide, is initially
effective in cancer remission, by these therapies,
several patients undergo recurrence developing a
most aggressive castration-resistant PC (CRPC)
(Kolvenbag et al. 2001; Anderson 2003). Recent
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studies have shown promising data on the use of
abiraterone acetate in reducing PC recurrence. It
is a potent inhibitor of Cytochrome P450 17-
α-hydroxylase/17,20-lyase (CYP17A1), a key
enzyme in the androgen biosynthetic pathway.
Both preclinical and clinical studies have shown
that the antitumoral activity of abiraterone in
CRPC may be independent from its effect on
CYP17A1 inhibition, even if the molecular
mechanisms of its off-target effects are still
unclear.

Radiation therapy represents another impor-
tant therapeutic approach for both primary and
metastatic PC. Recently, radical radiation therapy
using various hypofractionation schemes has
been developed for different types of cancer
diseases. On the other hand, the development of
conformal/intensity-modulated techniques, in
combination with precise image-guided localiza-
tion of the target, allows high dose per fraction
without increasing the risk of serious late injury to
the normal tissues. Unfortunately, despite great
efforts in the development of more advanced lin-
ear accelerators and personalized radiotherapy
protocols, the occurrence of radio resistance
remains one of the main drawbacks to be
addressed, especially in PC. In this context, it
has been demonstrated that several sphingolipids
(SLs) are involved in the regulation of cell death
pathways in response to various stimuli, includ-
ing radiation. Therefore, they are recognized as
critical targets in cancer therapy, including PC
(Hajj et al. 2013). SLs are amphiphilic molecules
predominantly associated with the external leaflet
of the plasma membrane (PM). They are com-
posed by a hydrophobic moiety (ceramide)
inserted into the lipid bilayer along with a hydro-
philic group of a different complexity protruding
toward the extracellular environment (Merrill
2011). It is currently known that SLs are not
only structural components (Hakomori 1990)
but, together with cholesterol, saturated
phospholipids, and a selected pool of proteins,
constitute macromolecular complexes within the
PM called lipid rafts (Kaiser et al. 2009; Sonnino
et al. 2015).

To date, several studies described membrane
rafts as dynamic nanoscale domains playing an

important role in cell signal transduction (Simons
et al. 2011). Interestingly, modifications of lipid
raft SL composition are responsible for the con-
trol of several cellular processes, including cell
differentiation and death (Teichgraber et al. 2008;
Kabayama et al. 2007; Prinetti et al. 2009).

In particular, ceramide-enriched rafts seem to
play an important role in the mechanisms
involved in radiation-induced cell death in differ-
ent tumor models; thus, targeting SL metabolic
pathways continues to be actively investigated to
improve cancer therapies. Interestingly, ionizing
radiation can induce the degradation of both PM
sphingomyelin and glycosphingolipids to cer-
amide, which in turn leads to apoptosis (Aureli
et al. 2014). Besides the activation of SMase
isoforms, we found that ceramide is also formed
through the action of specific sphingolipid
hydrolases associated with the external site of
the PM (Aureli et al. 2012b). We observed in
different tumor cell lines exposed to ionizing
radiation that the cell death was preceded by the
activation of PM-associated β-galactosidase,
sialidase Neu3, β-hexosaminidase, and
β-glucosidases. In particular, in irradiated breast
cancer cells, we demonstrated that the increase of
PM-associated glycohydrolases is responsible for
the ectopic in situ production of apoptotic cer-
amide (Aureli et al. 2012b).

In line with these findings, here we
investigated the effects of abiraterone, alone or
in combination with ionizing radiation, on cell
growth and sphingolipid metabolism of both
androgen-sensitive and androgen-insensitive
prostate cancer cells; we found that abiraterone
pretreatment increases the cell death induced by
ionizing radiation. In addition, both single
treatments are responsible for the activation of
PM glycohydrolases which, in turn, leads to
altered lipid raft SL pattern.

20.2 Methods

20.2.1 Cell Cultures

Human prostate cancer cell lines LNCaP
(androgen-sensitive) and DU145 (androgen-
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insensitive) are generous gifts of the urological
research unit of San Raffaele Hospital in Milan.
Cells were cultured in RPMI-1640 supplemented
with 10% FCS (heat-inactivated), 1% glutamine,
1% penicillin/streptomycin, 1% sodium pyruvate,
and 1% HEPES at 37 �C in a humidified, 5% CO2

atmosphere.

20.2.2 Abiraterone and Bicalutamide
Treatments

LNCaP and DU145 cell lines were treated with
abiraterone at different doses in order to establish
the drug toxicity curve. In the case of combined
treatment with abiraterone and ionizing radiation,
cells were pre-treated with the drug for 24 h
(10 and 25 μM abiraterone for LNCaP and
DU145, respectively) and then subjected to ioniz-
ing radiation. 20 μM Bicalutamide was
administered to both LNCaP and DU145 cell
lines.

20.2.3 Cell Irradiation

The most widely used technique for mathemati-
cally modeling the effect of radiation on cancer
cell survival is linear quadratic (LQ) formalism.
The core formula involved is an expression
correlating the probability of survival of a popu-
lation of mammalian cells subjected to the expo-
sure (S) to an individual radiation dose (D) as
follows:

S ¼ exp �αD� βD2½ �
where α and β are tumor- or normal tissue-
specific parameters. Rearrangement of the equa-
tion to account for the total impact of number of
individual fractions of radiation exposure (n)
yields another common expression for the biolog-
ically effective dose (BED):

BED ¼ nD 1þ d= α=β½ �ð Þ
The units of BED are gray (Gy), the standard

unit of radiation dose. The BED is a convenient
metric to compare the relative impact of a given

schedule of a radiation dose on a given tumor or
tissue, as long as the α/β ratio is known or closely
estimated.

LNCaP and DU145 cell lines were irradiated
with 6 MeV photons (direct field) with a linear
accelerator, at a single dose of 9 Gy.

20.2.4 Evaluation of Cell Viability

At different time points after irradiation,
abiraterone treatment, or a combination of both,
cell viability was assessed by calcein staining and
trypan blue exclusion assay (Aureli et al. 2012b).
Briefly, for calcein staining cells were washed
with PBS and then the plates were put on ice.
50 μl of a calcein-AM solution (6.25 μg/ml in
PBS) were added to each well, and cells were
incubated for 15 minutes at 37 �C, 5% CO2.
Calcein AM was then removed, and 100 μl of
PBS and 50 μl of 1% Triton X-100 were added
to each well. Plates were stirred at RT for
15 minutes in dark conditions, and then the fluo-
rescence was detected by a microplate reader
(Victor, Perkin-Elmer).

20.2.5 Plasma Membrane (PM)-
Associated Glycohydrolase
Assays

We recently described a simple high-throughput
live cell-based assay that allows the determination
of the activity of several PM glycohydrolases in
living cells (Aureli et al. 2012a). PM-associated
β-galactosidase (β-Gal), conduritol B epoxide
(CBE)-sensitive β-glucosidase GBA1,
β-glucosidase GBA2, β-hexosaminidase
(β-Hex), and SMase activities were determined
in control or treated living cells plated in a
96-well microplate. For GBA1 and GBA2 assays,
cells were preincubated for 30 minutes at room
temperature in DMEM-F12 containing 5 nM
AMP-DNM (adamantane-pentyl-dNM;
N-(5-adamantane-1-yl-methoxy-pentyl)
deoxynojirimycin) or 1 mM CBE (Sigma),
respectively. β-Gal, β-Hex, and β-Glc activities
were assayed using the artificial substrates
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4-methylumbelliferyl-β-D-galactopyranoside
(MUB-Gal), 4-methylumbelliferil-β-N-acetylglu-
cosaminide (MUG), and
4-methylumbelliferyl-β-D-glucopyranoside
(MUB-Glc) solubilized in DMEM-F12 without
phenol red at pH 6 at f 250 μM, 2 mM and
6 mM, respectively (final concentrations). At dif-
ferent time points (from 2 to 6 h), the quantity of
4-methylumbelliferone (MUB) produced was
evaluated by a microplate reader (MUB: λex:
355 nm/λem: 460 nm) after adding 15 volumes
of 0.25 M glycine pH 10.7. Standard MUB was
used to establish the calibration curves in order to
quantify the substrates hydrolysis and determine
the enzyme activity.

20.2.6 Measurement of the PM-
Associated Glycohydrolases
Activity Using the Natural
Radioactive Substrate [3-3H]
(sphingosine)GM3

One day before the feeding, cells were plated in Ø
100 mm petri culture dishes at 104 cell/cm2 as cell
density. After 24 h, isotopically labeled [3-3H]
(sphingosine)GM3 was solubilized in cell culture
medium without FCS at the 4.5 � 10�6 M final
concentration and administered to cells (Valaperta
et al. 2006). Cells were first preincubated with
100 μM chloroquine for 1 h in cell medium with-
out FCS. After medium removal and rapid washes
with PBS, 6 ml of radioactive lipid-containing
medium were added to each dish and followed
by 4 h incubation at 37 �C in the presence of
100 μM chloroquine. At the end of pulse, cells
were washed three times with complete cell cul-
ture medium and incubated in the same medium
for 30 min. Then, cells were washed three times
with PBS, harvested, and subjected to lipid
analyses as described below.

20.2.7 Treatment of Cell Cultures
with [1-3H]sphingosine

[1-3H]sphingosine was administered to
pharmacologically treated and/or 9 Gy-irradiated
cells as well as to control cells in order to

metabolically label SLs at the steady state previ-
ously described (Prinetti et al. 2011). [1-3H]
sphingosine dissolved in methanol was trans-
ferred into a sterile glass tube and dried under a
nitrogen stream; the residue was then solubilized
in an appropriate volume of pre-warmed (37 �C)
cell medium to obtain the desired final concentra-
tion (3 � 10�9 M). After 2 h of pulse time, the
medium was removed, and cells were washed and
incubated up to 72 h (chase) with fresh medium
without the radioactive precursor. After chase,
cells were collected, and radioactive lipids were
analyzed as described below.

20.2.8 Preparation of SL-Enriched
Membrane Domains by
Sucrose-Gradient
Centrifugation

Treated or control-cell SLs were metabolically
labeled at the steady state as described above
using tritiated sphingosine. Cells corresponding
to 2.5 mg protein were lysed in 1.5 ml lysis buffer
(1% Triton X-100, 10 mM Tris-HCl pH 7.5,
150 mM NaCl, 5 mM EDTA, 1 mM Na3VO4,
1 mM PMSF, and 10 μM/ml aprotinin) at 4 �C for
20 minutes and Dounce-homogenized (11 strokes
tight pestle). After nuclei and cellular debris
removal, the post-nuclear supernatant (PNS) was
mixed with an equal volume of 85% sucrose (w/v)
in 10 mM Tris-HCl buffer pH 7.5, 150 mM NaCl,
5 mM EDTA, and 1 mM Na3VO4 and placed at
the bottom of a discontinuous sucrose concentra-
tion gradient (5–30%) in the same buffer. After
ultracentrifugation for 17 h at 200,000� g at 4 �C,
11 fractions were collected, and the radioactivity
was evaluated by liquid scintillation counting.
Then, the DRM fraction (5 and 6) and the high
density fraction (HD) were dialyzed, lyophilized,
and subjected to lipid extraction and SL analysis
(Prinetti et al. 2011).

20.2.9 Radioactive Lipid Analyses

Total lipids from lyophilized cells or gradient
fractions were extracted with chloroform/metha-
nol/water 2:1:0.1 by volume, followed by a
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second extraction with chloroform/methanol 2:1
by volume. The total lipid extracts were subjected
to a two-phase partitioning by adding 20% water
to the lipid extract; the total lipid extract and the
aqueous and organic phases were analyzed by
HPTLC. [3H]SLs of total extracts and organic
phases were separated using the solvent system
chloroform/methanol/water 110:40:6 by volume
and those of aqueous phases with chloroform/
methanol/0.2% aqueous CaCl2 50:42:11 by vol.
For the specific determination of Cer content,
radioactive lipids of the organic phases were
separated using the solvent system hexane/chlo-
roform/acetone/acetic acid 20:70:20:2 by volume.
[3H]SLs were identified by referring to the posi-
tion of standards in the chromatogram and
quantified by radioimaging after 48 h of acquisi-
tion (β-Imager 2000, Biospace, Paris, France)
(Aureli et al. 2012b).

20.2.10 Statistics

All the experiments have been performed three-
fold in replicate and repeated three times. Data are
presented as the mean values � standard devia-
tion and were tested for significance employing
one- or two-way ANOVA with Bonferroni post-
test analysis, as specified in figure legends. The
level of significance was set at p < 0.05.

20.3 Results

20.3.1 Abiraterone Treatment Inhibits
the Growth of Androgen-
Dependent and Androgen-
Independent Prostate Cancer
Cell Lines

We first assessed if abiraterone exerts a direct
cytostatic/cytotoxic effect on androgen-
dependent (LNCaP) and androgen-independent
(DU145) prostate cancer cell lines. To this pur-
pose, both cell types were treated with increasing
concentration of abiraterone (from 0.1 μM to
100 μM), and cell proliferation and viability

were evaluated 24, 48, and 72 h after drug expo-
sure. As shown in Fig. 20.1, we found that
abiraterone affected the growth rate of both cell
lines in the low micromolar range. As expected,
LNCaP cells were more sensible to abiraterone
treatment than DU145 cells as observed by the
lower drug concentration as well the shorter incu-
bation time to elicit 100% cell growth inhibition
and 100% cell death. In particular, abiraterone
exerted cytostatic effect at 10 μM after 24 h and
at 25 μM after 48 h in LNCaP and DU145 cells,
respectively, whereas 25 μM for 24 h and 100 μM
for 72 h were the experimental conditions induc-
ing the maximum cytotoxic effect in androgen-
dependent and androgen-independent prostate
cancer cells, respectively. These data confirm
previous results revealing that abiraterone can
also have a distinct activity from androgen axis
(Bruno et al. 2008; Grossebrummel et al. 2016).

This finding supporting an off-target action for
abiraterone was further corroborated by parallel
experiments evaluating the effect of bicalutamide,
a nonsteroidal competitive androgen receptor
antagonist able to block androgen-regulated pros-
tate cell growth. While the proliferation rate of the
androgen-sensible LNCaP was markedly reduced
after bicalutamide treatment (20 μM up to 72 h),
the compound did not exert any growth inhibitory
effect on DU145 cells that do not express a func-
tional androgen receptor (data not shown)
(Navone et al. 1998).

20.3.2 Abiraterone Treatment
Sensitizes LNCaP and DU145
Cells to Ionizing Radiation

We next sought to investigate the possible
sensitizing effect of abiraterone to ionizing radia-
tion in the two cell types, both radioresistant
prostate cancer cell lines (Chung et al. 2008). To
this purpose, LNCaP and DU145 cells were
pre-treated or not for 24 h with cytostatic
concentrations of abiraterone followed by expo-
sure to a single dose of ionizing radiation (9 Gy).
Cell proliferation was then evaluated 72 h after
irradiation in presence or in absence of
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abiraterone. As shown in Fig. 20.2, in both the
cell lines, abiraterone pretreatment in combina-
tion with its administration after irradiation
resulted in a higher reduction of the cell survival
compared to either agent alone. Interestingly,
DU145 cells proved to be even more sensitive to
the combined treatment of abiraterone with irra-
diation with respect to LNCaP cells, with a 90%
and 40% reduction in cell viability.

20.3.3 Abiraterone Treatment
and Ionizing Radiations Alter
the Sphingolipid Pattern
and Organization of Prostate
Cancer Cells

Several lines of evidence have established that
sphingolipid metabolism is highly deregulated in
many cancer types (Huang et al. 2015). In
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Fig. 20.1 Effect of abiraterone treatment on cell prolifer-
ation of androgen-sensitive (LNCaP) and androgen-
resistant (DU145) prostate cancer cells. LNCaP and
DU145 cells were incubated with different doses of
abiraterone. Cell proliferation was evaluated at various

time points by counting cells using trypan blue exclusion
assay. Dead cells were evaluated as trypan blue-positive
cells. Each value is the mean of three independent
experiments performed in triplicate. *p < 0.03 vs, the
previous concentration
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particular, it is widely known in different human
prostate cancer cells that ceramide, the central
sphingolipid metabolite, is involved in the
response to a variety of chemotherapeutic agents
including ionizing radiations (Kolesnick et al.
2003; Aureli et al. 2014). However, no data on
the possible role of ceramide in mediating the
effect of abiraterone treatment alone or in combi-
nation with irradiation are present so far; to
address this issue, we analyzed the sphingolipid
content and pattern of both LNCaP and DU145
cells in the same experimental conditions reported
above. To this aim, cell sphingolipids were
steady-state metabolically labeled with the radio-
active precursor [1-3H]sphingosine and then
subjected to single treatment with abiraterone,
ionizing radiation, or in combination of both.
Independently from either treatment alone or in
combination, the total cell-incorporated radioac-
tivity was very similar to control cells in both
LNCaP and DU145 cells and mainly associated
with the organic phases containing nonpolar
sphingolipids (Fig. 20.3). On the other hand, we
observed marked differences in the radioactivity
associated with the aqueous phase-containing

gangliosides between the two cell lines; in
androgen-resistant DU145 cells, it was almost
doubled compared to androgen-sensitive LNCaP
cells (Fig. 20.3). In addition, abiraterone alone
induced an increase in gangliosides content in
LNCaP cells, but not in DU145 cells, whereas
ionizing radiation elicited an opposite effect lead-
ing to a decrease of the radioactivity in the same
lipid fraction only in androgen-sensitive cells.
Conversely, in both cell lines, the combination
of abiraterone plus irradiation did not affect the
radioactivity distribution between the two lipid
fractions (Fig. 20.3).

Thus, we further analyzed and identified the
radioactive SL species by HPTLC separation
followed by radiochromatoscanning. As shown
in Fig. 20.4 right, we found that GM2 is the
prominent ganglioside in LNCaP cells; its content
increased twofold after abiraterone treatment,
both as single agent and in combination with
irradiation, whereas content did not significantly
change after ionizing radiation exposure alone.
Conversely, in the same cells, the level of
phosphatidylethanolamine, the main metabolite
of the organic phase, was strongly decreased,
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Fig. 20.2 Effect of abiraterone and ionizing radiation,
alone or in combination, on LNCaP and DU145 cell via-
bility. LNCaP and DU145 cells were exposed to a cyto-
static concentration of abiraterone or vehicle at the same
concentration used for drug solubilization (0.25%) for
24 h; cells were then irradiated or not at the dose indicated

without or with abiraterone. Living cells were evaluated
by trypan blue exclusion test 48 and 72 h after irradiation.
Each value is the mean of three independent experiments
performed in triplicate. *p < 0.03 vs CTRL, #p < 0.001 vs
the previous treatment
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independently of the type of treatment, reaching
about 70% reduction with the combined one, thus
suggesting an impairment of sphingosine

catabolism (Fig. 20.4 right; Table 20.1). Among
the other lipid metabolites, we found that
abiraterone alone and in combination with
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Fig. 20.3 Distribution of radioactivity between
gangliosides and nonpolar lipids in LNCaP and DU145
subjected to abiraterone and ionizing radiation treatments,
alone or in combination. Sphingolipids of LNCaP and
DU145 were metabolically labeled at the steady state by
the use of [1-3H]sphingosine and exposed to abiraterone
and ionizing radiation, alone or in combination, as
described in Fig. 20.2. Forty-eight hours after irradiation,
cells were harvested and subjected to lipid extraction.

Total lipid extracts were subjected to a two-phase
partitioning in order to separate gangliosides (aqueous
phase) from the other lipids (organic phase). The radioac-
tivity associated with the aqueous phases and the organic
phases was evaluated by beta-counter. Data are expressed
as a percentage of total incorporated radioactivity. Each
value is the mean of two independent experiments
performed in triplicate
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Fig. 20.4 Effects of the treatment with abiraterone and
ionizing radiation, alone or in combination, on the
sphingolipid pattern of LnCaP and DU145 cells. Cell
sphingolipids were radiolabeled at the steady state using
radioactive sphingosine and then exposed to abiraterone
and ionizing radiation, alone or in combination, as
described in Fig. 20.2. Lipid extraction was performed
48 h after cell irradiation. Total lipid extract was subjected

to two-phase partitioning. Gangliosides were separated by
HPTLC using the solvent system chloroform/methanol/
0.2% CaCl2 aqueous solution 50/42/11 by volume,
whereas lipids contained in the organic phases were
separated using the solvent system chloroform/methanol/
water 110/40/6 by volume. Radioactive lipids were
detected by digital autoradiography (BetaIMAGER,
Biospace Lab) and identified by authentic standards
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irradiation led to an increase in sphingomyelin
content with respect to untreated cells. More
interestingly, both single treatments induced a
twofold increase in ceramide levels, and, of
note, abiraterone treatment in combination with
ionizing radiation produced further elevation in
ceramide, more than 70% and 40% with respect
to its level after each single treatment with
abiraterone and irradiation, respectively (Fig.
20.4 right; Table 20.1).

We obtained similar results in DU145 cells,
which are characterized by a ganglioside pattern
with GM3 and GM2 gangliosides as major
components (Fig. 20.4, left). In these cells, both
treatments with abiraterone alone or in combina-
tion with irradiation led to a similar extent of
increase in GM3 and reduction in GM2 content
(about 1.6-fold higher and three-fold lower over
control cells, respectively), whereas ionizing radi-
ation alone did not cause any significant change
in both monosialoganglioside levels (Fig. 20.4
left; Table 20.2). As observed in androgen-
sensitive cells, phosphatidylethanolamine levels
were also strongly decreased, although to a

much lesser extent after exposure to irradiation
alone. In addition, only a slight increase in
sphingomyelin was elicited by the treatment
with abiraterone alone or in combination, but
not by radiation exposure alone. Again, all
treatments caused an increase in ceramide levels,
with the combined treatment eliciting the maxi-
mal elevation with respect to untreated DU145
cells (Fig. 20.4 right).

To further investigate the effect of the
treatments on SL organization, we isolated
detergent-resistant membrane fractions (DRM)
from cells labeled at the steady state with radio-
active sphingosine and subjected to single or
combined treatments. As expected, radioactive
SLs were highly enriched in the DRM with only
a minor part found in the soluble fractions (HD).
Moreover, the percentage of radioactivity
associated with DRM was similar between the
two cell lines with no significant differences
between control and treated cells (data not
shown).

The analysis of the lipid composition in DRM
and HD fractions is shown in Fig. 20.5,

Table 20.1 SL distribution in androgen sensitive prostate cancer cells (LNCaP) subjected to the different treatment

Radioactive lipids

Treatments

CTRL 10 μM abiraterone 9 Gy irradiation Abiraterone + irradiation

Ceramide 4.9% 9.4% 11.8% 16.4%
Glucosylceramide 3.3% 2.4% 6.7% 4.2%
PE 52.8% 25.7% 32.4% 17.8%
Lactosylceramide 6.2% 4.1% 9% 6.1%
Gb3 4.7% 4.5% 6.5% 5.8%
Sphingomyelin 26.1% 49.6% 31.9% 46.4%
GM2 1,9% 4.4% 1.7% 3.3%

Table 20.2 SL distribution in androgen resistant prostate cancer cells (DU145) subjected to the different treatment

Radioactive lipids

Treatments

CTRL 25 μM abiraterone 9 Gy irradiation Abiraterone + irradiation

Ceramide 3.4% 5.8% 6.2% 7.3%
Glucosylceramide 10.5% 8.8% 13.4% 9.7%
PE 17.4% 10.8% 16.0% 9.5%
Lactosylceramide 12.2% 12.4% 9.7% 10.7%
Gb3 9.1% 9.7% 8.7% 9.7%
Sphingomyelin 23.7% 26.1% 23.4% 26.7%
GM3 11.5% 18.3% 9.1% 17.9%
GM2 9.6% 3.1% 8.5% 3.7%
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independently of the type of treatment; 80–90%
of radioactive PE was associated with HD
fractions, thus supporting the proper DRM isola-
tion in both the cell lines (Tables 20.3 and 20.4)
(Sonnino et al. 2006). In addition, a strong enrich-
ment of GlcCer, LacCer, and SM was observed in
DRM from LNCaP compared to HD fractions
(Table 20.3). In addition, in DRM derived from
LNCaP cells treated with abiraterone and ionizing
radiation, we observed an increase of the Cer
content of about 1.5-fold followed by a parallel
decrease of GlcCer with respect to those
associated with CTRL DRM (Table 20.3).

Importantly, in the DRM prepared from LNCaP
cells subjected to the combined treatment, the Cer
levels are double with respect to control DRM
(Fig. 20.5 and Table 20.3). On the other hand,
DRM from DU145 cells were characterized by an
enrichment in Cer, GlcCer, and SM. Of note, the
DRM derived from LNCaP cells treated with
abiraterone both alone or in combination with
ionizing radiations showed an increase in the
ceramide content up to three times followed by
a decrease in GlcCer content with respect to those
found in DRM of CTRL cells. Whereas ionizing
radiation induced only a slight increase in the Cer

Cer

GlcCer

PE
LacCer

Gb3

SM

DRM HD

LNCaP

Cer

GlcCer

PE
LacCer

Gb3
SM

GG

Cer

GlcCer

PE
LacCer

Gb3
SM

Cer

GlcCer

PE
LacCer

Gb3
SM

GG

DRM HD

DU145

10 μM abiraterone
9 Gy

- + - +
- - + +

- + - +
- - + +

25 μM abiraterone
9 Gy

- + - +
- - + +
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Fig. 20.5 Effects of the treatment with abiraterone and
ionizing radiation, alone or in combination, on the
sphingolipid pattern of LnCaP and DU145 lipids rafts.
Cell sphingolipids were radiolabeled at the steady state
using radioactive sphingosine and then exposed to
abiraterone and ionizing radiation, alone or in combina-
tion, as described in Fig. 20.2. Forty-eight hours after
irradiation, cells were harvested, and lipids rafts were

isolated as detergent-resistant membrane (DRM) by cell
lysis in 1% Triton X-100 and subjected to ultracentrifuga-
tion on discontinuous sucrose gradient. Radioactive lipids
associated with DRM and high density fraction (HD) were
separated by HPTLC using the solvent system chloroform/
methanol/water 110/40/6 by volume. Radioactive lipids
were detected by digital autoradiography (BetaIMAGER,
Biospace Lab) and identified by authentic standards

Table 20.3 SL distribution in DRM and HD fraction obtained from androgen sensitive prostate cancer cells (LNCaP)
subjected to the different treatments

Radioactive lipids

Treatments

CTRL 10 μM abiraterone 9 Gy irradiation Abiraterone + irradiation

DRM HD DRM HD DRM HD DRM HD

Ceramide 11% 13% 16% 13% 16% 13% 23% 10%
Glucosylceramide 12% 1% 6% 1% 13% 2% 9% 2%
PE 14% 76% 4% 74% 13% 67% 5% 76%
Lactosylceramide 12% 3% 12% 3% 14% 5% 8% 4%
Gb3 5% 5% 6% 6% 5% 7% 4% 6%
Sphingomyelin 46% 2% 56% 3% 39% 6% 51% 2%
GM2 ND ND ND ND ND ND ND ND
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content of DRM of treated cells (Fig. 20.5 and
Table 20.4), no significant differences between
control and treated cells were found in HD
fractions. These data clearly indicate that the
modification of the plasma membrane
sphingolipids composition is mainly related to a
specific membrane area involved in the control of
the cell signaling.

20.3.4 Treatment with Abiraterone
and Ionizing Radiation Led
to Increased Activities
of Plasma Membrane
Glycosphingolipid Hydrolases
in LNCaP and DU145 Prostate
Cancer Cells

Recent lines of evidence support the involvement
of PM glycosphingolipids hydrolases in the
ectopic production of pro-apoptotic ceramide
upon radiation treatment of breast cancer cells.
We evaluated the effect of abiraterone and ioniz-
ing radiations as single treatments or in combina-
tion on the activities PM hydrolases in both
LNCaP and DU145 cell lines 48 h after irradia-
tion. In LNCaP cells, we found that abiraterone
treatment induces a twofold increase in the activ-
ity of plasma membrane-associated GBA1,
GBA2, β-galactosidase, and β-hexosaminidase.
Similar results were obtained upon exposure to
ionizing radiations except for β-galactosidase and
GBA2, which increased 3- and 0.5-fold, respec-
tively (Fig. 20.6). The combined treatment did not

significantly differ from either single treatment
with the exception of the β-hexosaminidase,
which increased more than fivefold in comparison
to untreated cells (Fig. 20.6). In DU145 cells,
abiraterone treatment did not affect the activity
of GBA1, β-galactosidase, and Neu3. On the con-
trary, the activity of GBA2 increased more than
2.5-fold and β-hexosaminidase doubled. Whereas
cells exposed to ionizing radiation were
characterized by twofold increase in the activity
of β-galactosidase and β-hexosaminidase, we did
not observe any difference in the activity of
GBA1, GBA2, and Neu3 (Fig. 20.6).

Based on these results, we performed
experiments aimed to prove the action of the
glycosphingolipid hydrolases directly on the
plasma membrane. To this purpose, we
administered the natural substrate [3-3H]GM3 in
conditions to block lysosomal catabolism. The
experiment was performed only on DU145 cells
since LNCaP cells were sensitive to chloroquine
treatment. As shown in Fig. 20.7, both single
treatments with abiraterone and with irradiation
induced an increased production of PM ceramide
from GM3 catabolism (1.5- and 2.2-fold with
respect to control cells, respectively); again, the
combined treatment elicited the major ceramide
increase being fourfold higher than control cells.
These data further support that the different
treatments and, in particular, the combination of
abiraterone with irradiation activate the aberrant
catabolism of cell surface glycosphingolipids
leading to the ectopic production of cytotoxic
ceramide.

Table 20.4 SL distribution in DRM and HD fraction obtained from androgen resistant prostate cancer cells (DU145)
subjected to the different treatments

Radioactive lipids

Treatments

CTRL 10 μM abiraterone 9 Gy irradiation Abiraterone + irradiation

DRM HD DRM HD DRM HD DRM HD

Ceramide 5% 2% 15% 2% 8% 2% 14% 3%
Glucosylceramide 18% 7% 6% 9% 17% 7% 7% 5%
PE 10% 40% 3% 39% 6% 47% 2% 37%
Lactosylceramide 12% 8% 12% 8% 11% 8% 11% 9%
Gb3 10% 8% 9% 7% 8% 7% 7% 7%
Sphingomyelin 35% 17% 41% 17% 37% 13% 49% 23%
Gangliosides 10% 18% 11% 18% 13% 16% 10% 16%
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Fig. 20.6 Effects of the treatment with abiraterone and
ionizing radiation, alone or in combination, on plasma
membrane glycosphingolipid hydrolases activities of
LNCaP and DU145 cells. The activity of
β-glucocerebrosidase (GBA1), non-lysosomal
β-glucosylceramidase (GBA2), β-galactosidase, and
β-hexosaminidase was evaluated in living LNCaP and

DU145 cells exposed to abiraterone and ionizing radia-
tion, alone or in combination, as described in Figs. 20.2,
48 h after irradiation. The data are the average of three
experiments performed in triplicate and are expressed as
percentage of enzyme activity with respect to control cells.
*P < 0.005 vs ctrl; �P < 0.001 vs the previous treatment
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Fig. 20.7 Effects of the treatment with abiraterone and
ionizing radiation, alone or in combination on GM3 gan-
glioside catabolism at the plasma membrane in DU145
cells. Androgen-resistant DU145 cells were exposed to
abiraterone and ionizing radiation, alone or in combina-
tion, as described in Fig. 20.2. Forty-eight hours after

irradiation cells were fed with [3-3H]sph-GM3 in the pres-
ence of chloroquine to block lysosomal function. In the
graph each bar represents the percentage increase of radio-
active ceramide produced from GM3 hydrolysis at the cell
surface with respect to control cells. *P < 0.0002 vs ctrl;
�P < 0.003 vs the previous treatment
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20.4 Summary

Our study described for the first time the effect of
abiraterone alone and in combination with ioniz-
ing radiation on sphingolipid metabolism in both
androgen-sensitive (LNCaP) and androgen-
insensitive (DU145) prostate cancer cells. Multi-
ple lines of evidence indicate that SLs and their
metabolic enzymes are potential therapeutic
targets for several tumors, including prostate can-
cer (Hajj et al. 2013). Among SL, ceramide has
been one of the best characterized in the fate of
both androgen-sensitive and androgen-insensitive
prostate cancer cells; given its tumor-suppressor
function, strategies aimed at enhancing its produc-
tion represent promising therapeutic options
(Kolesnick 1992). It is of particular interest that
ceramide can be produced directly at the cell sur-
face by the action of hydrolases able to catabolize
in situ complex SLs. Among these PM enzymes,
acid sphingomyelinase, β-glucocerebrosidase
GBA1, β-galactosidase, and β-hexosaminidase A
are the same lysosomal isoforms, whereas
non-lysosomal β-glucosylceramidase GBA2 and
Neu3 sialidase are mainly PM-resident enzymes.
Independently from their origin, these PM
enzymes are involved in the regulation of several
physiological and pathophysiological cellular pro-
cesses, including apoptosis (Sonnino et al. 2010).
In human fibroblasts, Neu3 sialidase
overexpression induces increased enzyme activity
of PM-β-glucosidases and PM-β-galactosidase,
leading to ectopic production of ceramide and
apoptotic cell death (Valaperta et al. 2006; Aureli
et al. 2009). On the other hand, ionizing radiation,
via activation of PM-acid sphingomyelinase, also
induces massive sphingomyelin hydrolyses to cer-
amide with the onset of apoptosis in several cancer
cell lines (Kolesnick et al. 1994, 2003). We have
previously reported that ionizing radiation-
induced PM glycohydrolases activation is respon-
sible for the production of pro-apoptotic ceramide
by glycosphingolipid degradation (Aureli et al.
2011, 2012b; Valaperta et al. 2006).

Our data obtained on androgen-sensitive and
androgen-insensitive prostate cancer cells are
consistent with these findings. In fact, here we

demonstrated that ionizing radiation induces a
modification of SL pattern in both LNCaP and
DU145 cell lines, resulting in increased ceramide
content. Moreover, by subfractionation
experiments, we found that accumulation of cer-
amide takes place in a specialized structure of cell
membranes enriched in sphingolipids (lipids
rafts).

As previously observed in breast cancer cells,
we found cell exposure to ionizing radiations
induces an important increase in the activity of
the PM glycohydrolases responsible for the
ectopic production of ceramide.

Besides ionizing radiation, several pharmaco-
logical treatments are also able to alter SL metab-
olism with the formation of cytotoxic ceramide.
Docetaxel induces apoptosis in prostate cancer
cells through increasing intracellular generation
and accumulation of ceramides. Interestingly,
here we described for the first time that
abiraterone acetate has a similar effect to that
exerted by ionizing radiation. In fact, we found
that both LNCaP and DU145 cells treated with a
cytostatic concentration of abiraterone are
characterized by increased activity of PM
glycohydrolases followed by a marked increase
of ceramide in lipid rafts. More interestingly, we
found that the combined treatment with
abiraterone and ionizing radiation results in a
very strong cytotoxic effect, reaching 100% of
cell death in DU145. In these cells, the combined
treatment also leads to a higher increase in the
activity of PM glycohydrolases and in ceramide
content if compared to each single treatment.

These data suggest that the combined treat-
ment of abiraterone and ionizing radiation, both
targeting SL metabolism leading to formation of
ceramide at the cell surface, could represent
intriguing and promising therapeutic strategies
for prostate cancer. In addition, the development
of new drugs able to enhance the activity of PM
glycohydrolases, in combination with the conven-
tional therapeutic options, could open the possi-
bility to design future therapeutic strategies for
prostate cancer, independently from their andro-
gen sensitivity and/or radioresistance.

20 Abiraterone and Ionizing Radiation Alter the Sphingolipid Homeostasis in. . . 305



References

Anderson J (2003) The role of antiandrogen monotherapy
in the treatment of prostate cancer. BJU Int 91
(5):455–461

Aureli M, Masilamani AP, Illuzzi G, Loberto N,
Scandroglio F, Prinetti A, Chigorno V, Sonnino S
(2009) Activity of plasma membrane beta-
galactosidase and beta-glucosidase. FEBS Lett 583
(15):2469–2473

Aureli M, Loberto N, Lanteri P, Chigorno V, Prinetti A,
Sonnino S (2011) Cell surface sphingolipid
glycohydrolases in neuronal differentiation and aging
in culture. J Neurochem 116(5):891–899

Aureli M, Bassi R, Loberto N, Regis S, Prinetti A,
Chigorno V, Aerts JM, Boot RG, Filocamo M,
Sonnino S (2012a) Cell surface associated
glycohydrolases in normal and Gaucher disease
fibroblasts. J Inherit Metab Dis 35(6):1081–1091

Aureli M, Bassi R, Prinetti A, Chiricozzi E, Pappalardi B,
Chigorno V, Di Muzio N, Loberto N, Sonnino S
(2012b) Ionizing radiations increase the activity of
the cell surface glycohydrolases and the plasma mem-
brane ceramide content. Glycoconj J 29:585

Aureli M, Murdica V, Loberto N, Samarani M, Prinetti A,
Bassi R, Sonnino S (2014) Exploring the link between
ceramide and ionizing radiation. Glycoconj J 31
(6–7):449–459

Bruno RD, Gover TD, Burger AM, Brodie AM, Njar VC
(2008) 17alpha-Hydroxylase/17,20 lyase inhibitor VN/
124-1 inhibits growth of androgen-independent pros-
tate cancer cells via induction of the endoplasmic retic-
ulum stress response. Mol Cancer Ther 7
(9):2828–2836

Chung JY, Cho JY, Yu KS, Kim JR, Lim KS, Sohn
DR, Shin SG, Jang IJ (2008) Pharmacokinetic and
pharmacodynamic interaction of lorazepam and
valproic acid in relation to UGT2B7 genetic poly-
morphism in healthy subjects. Clin Pharmacol Ther
83(4):595–600

Grossebrummel H, Peter T, Mandelkow R, Weiss M,
Muzzio D, Zimmermann U, Walther R, Jensen F,
Knabbe C, Zygmunt M, Burchardt M, Stope MB
(2016) Cytochrome P450 17A1 inhibitor abiraterone
attenuates cellular growth of prostate cancer cells inde-
pendently from androgen receptor signaling by modu-
lation of oncogenic and apoptotic pathways. Int J
Oncol 48(2):793–800

Hajj C, Haimovitz-Friedman A (2013) Sphingolipids’ role
in radiotherapy for prostate cancer. Handb Exp
Pharmacol 216:115–130

Hakomori S (1990) Bifunctional role of glycosphin-
golipids. Modulators for transmembrane signaling
and mediators for cellular interactions. J Biol Chem
265(31):18713–18716

Huang C, Freter C (2015) Lipid metabolism, apoptosis and
cancer therapy. Int J Mol Sci 16(1):924–949

Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D
(2011) Global cancer statistics. CA Cancer J Clin 61
(2):69–90

Kabayama K, Sato T, Saito K, Loberto N, Prinetti A,
Sonnino S, Kinjo M, Igarashi Y, Inokuchi J (2007)
Dissociation of the insulin receptor and caveolin-1
complex by ganglioside GM3 in the state of insulin
resistance. Proc Natl Acad Sci U S A 104
(34):13678–13683

Kaiser HJ, Lingwood D, Levental I, Sampaio JL,
Kalvodova L, Rajendran L, Simons K (2009) Order
of lipid phases in model and plasma membranes. Proc
Natl Acad Sci U S A 106(39):16645–16650

Kolesnick R (1992) Ceramide: a novel second messenger.
Trends Cell Biol 2(8):232–236

Kolesnick R, Fuks Z (2003) Radiation and ceramide-
induced apoptosis. Oncogene 22(37):5897–5906

Kolesnick R, Golde DW (1994) The sphingomyelin path-
way in tumor necrosis factor and interleukin-1 signal-
ing. Cell 77(3):325–328

Kolvenbag GJ, Iversen P, Newling DW (2001)
Antiandrogen monotherapy: a new form of treatment
for patients with prostate cancer. Urology 58(2 Suppl
1):16–23

Merrill AH Jr (2011) Sphingolipid and glycosphingolipid
metabolic pathways in the era of sphingolipidomics.
Chem Rev 111(10):6387–6422

Navone NM, Logothetis CJ, von Eschenbach AC,
Troncoso P (1998) Model systems of prostate cancer:
uses and limitations. Cancer Metastasis Rev 17
(4):361–371

Prinetti A, Loberto N, Chigorno V, Sonnino S (2009)
Glycosphingolipid behaviour in complex membranes.
Biochim Biophys Acta 1788(1):184–193

Prinetti A, Cao T, Illuzzi G, Prioni S, Aureli M,
Gagliano N, Tredici G, Rodriguez-Menendez V,
Chigorno V, Sonnino S (2011) A glycosphingolipid/
caveolin-1 signaling complex inhibits motility of
human ovarian carcinoma cells. J Biol Chem 286
(47):40900–40910

Simons K, Sampaio JL (2011) Membrane organization
and lipid rafts. Cold Spring Harb Perspect Biol 3(10):
a004697

Sonnino S, Prinetti A, Mauri L, Chigorno V, Tettamanti G
(2006) Dynamic and structural properties of
sphingolipids as driving forces for the formation of
membrane domains. Chem Rev 106(6):2111–2125

Sonnino S, Aureli M, Loberto N, Chigorno V, Prinetti A
(2010) Fine tuning of cell functions through
remodeling of glycosphingolipids by plasma
membrane-associated glycohydrolases. FEBS Lett
584(9):1914–1922

306 V. Murdica et al.



Sonnino S, Aureli M, Mauri L, Ciampa MG, Prinetti A
(2015) Membrane lipid domains in the nervous system.
Front Biosci 20:280–302

Teichgraber V, Ulrich M, Endlich N, Riethmuller J,
Wilker B, De Oliveira-Munding CC, van Heeckeren
AM, Barr ML, von Kurthy G, Schmid KW, Weller M,
Tummler B, Lang F, Grassme H, Doring G, Gulbins E

(2008) Ceramide accumulation mediates inflammation,
cell death and infection susceptibility in cystic fibrosis.
Nat Med 14(4):382–391

Valaperta R, Chigorno V, Basso L, Prinetti A, Bresciani R,
Preti A, Miyagi T, Sonnino S (2006) Plasma mem-
brane production of ceramide from ganglioside GM3
in human fibroblasts. FASEB J 20(8):1227–1229

20 Abiraterone and Ionizing Radiation Alter the Sphingolipid Homeostasis in. . . 307



A Glycomic Approach Towards
Identification of Signature Molecules
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from Umbilical Cord Blood
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Abstract

Umbilical cord blood (UCB) is a powerful
storehouse for normal CD34+ haematopoietic
stem cells (HSCs), often used for allogeneic
bone marrow (BM) transplantation in malignant
and non-malignant diseases. The glycomic
especially the sialoglycomic aspect of these
HSCs has been unravelled in this study. Cell
surface expression of the glycans with the
related enzymatic activities has been compared
with the BM of childhood acute lymphoblastic
leukaemia, a common BM-associated malig-
nancy. An enhanced cell surface expression of
α2,3-linked sialic acid, P- and E-selectins, and
intercellular adhesion molecule along with
reduced expression of L-selectin distinguishes
CD34+ HSCs of UCB from leukaemic samples.
More importantly, high expression of O-
acetylated sialoglycoproteins, a hallmark of
lymphoblasts, is drastically reduced in the
CD34+ HSCs of UCB and is substantiated by

the low activity of sialylate-O-acetyltransferase
and high sialidase activity. In contrast, a signifi-
cant variation is evident in the expression of
sialic acid, α2,6-linked sialic acids, and the
sialyltransferase activity. Taken together, these
studies indicate a few signature molecules,
forming a unique glycomic template, which
may be a potential indicator, reassuring the nor-
mal profile of these stem cells, to be used for
future transplantation.

Keywords

CD34+ haematopoietic stem cell · Glycomics ·
Sialic acid · Cell adhesion molecules ·
Sialylate-O-acetyltransferase · Sialidase

21.1 Introduction

Allogeneic haematopoietic stem cell (HSC) trans-
plantation has provided curative therapy for
severe bone marrow (BM)-related malignant and
non-malignant diseases in patients. However,
only a few of them have the option of a human
leukocyte antigen (HLA) identical sibling donor.
Substantial advances in the use of alternative
donors like unrelated volunteer donors and umbil-
ical cord blood (UCB) donors enable almost all
patients to benefit from this life-saving treatment.
Nevertheless, each donor type has its own
demerits (Chowdhury et al. 2014; Hough et al.
2009).
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The problems inhibiting the wider use of alter-
native donors are the probability of identifying a
‘suitable’ donor, the speed with which a graft can
be acquired, and the risk of graft-versus-host dis-
ease. Since UCB stem cells are the simplest to
collect, allowing greatest flexibility in HLA
matching (Chowdhury et al. 2014; Hough et al.
2009), therefore, at present, the strategy of
expanding the potential donor pool involves
transplantation with UCB, which maintains an
acceptable level of treatment-related
complications (Brown and Boussiotis 2008).

Following this success, UCB banks have been
established to facilitate UCB transplants (Hough
et al. 2009) that offer parents the opportunity to
store UCB for possible future use for their child or
other family members. These banks have grown
rapidly across the world with a cumulative repos-
itory (Chowdhury et al. 2014; Hollands and
McCauley 2009).

A plethora of studies has been conducted to
investigate the in vitro and in vivo characteriza-
tion of UCB cells, with the ultimate goal of
optimizing and increasing their clinical use. Sev-
eral approaches have been initiated to understand
the phenotypic, biochemical, and biological
properties of these cells (Satomaa et al. 2009).
However, the profile of these HSCs from the
glycomic especially sialoglycomic aspect has
never been satisfactorily explored till date.

Carbohydrates are essential constituents of
glycoproteins, glycolipids, and proteoglycans
(Satomaa et al. 2009). Among them, sialic acids,
a family of 9-carbon carboxylated
monosaccharides, have diverse modifications
(Schauer 2000; Mandal et al. 2000). Commonly
modified derivatives likeO-acetylated sialoglyco-
proteins (Neu5,9Ac2-GPs) (Sinha et al. 1999a,
1999b; Pal et al. 2004; Chowdhury et al. 2007,
2008; Chowdhury and Mandal 2009) and O-
acetylated sialoglycolipids (9-OAcGD3)
(Mukherjee et al. 2007) are well-established can-
cer-associated antigens. They influence numerous
biological reactions by reacting with specific sur-
face receptors or via masking of carbohydrate
recognition sites (Schauer 2000; Mandal et al.
2000). The cellular sialic acid content is metabol-
ically regulated and controlled by several

enzymes, main contributory ones being sialate-
O-acetyltransferase (SOAT), sialyltransferase,
and sialidase (Mandal et al. 2000, 2010; Mondal
et al. 2009).

In addition, selectins (L, E, and P; CD62)
along with some cell surface adhesion molecules
(CAMs), namely, intercellular adhesion molecule
(ICAM-1) and vascular cell adhesion molecule
(VCAM-1), play fundamental roles in numerous
cellular processes like growth, differentiation,
embryogenesis, immune cell transmigration, and
cancer metastasis (Chowdhury et al. 2007).

With this background information, the main
aim of this study has been to explore the status
of sialic acids and CAMs, including selectins, on
the HSCs isolated from UCB. In parallel, the
orchestration of the three main enzymes
regulating the overall sialylation of these HSCs
has also been investigated. A major characteristic
of these HSCs is the phenotypic expression of
CD34 antigen (Storms et al. 2005). Therefore,
for this investigation, the haematopoietic cells
expressing CD34 have been selected as the
study population. Since childhood acute lympho-
blastic leukaemia (ALL) is an impairment of HSC
maturation, the BM of these patients at diagnosis,
i.e. before treatment and in clinical remission
(CR), has been used for comparison throughout
(George et al. 2001).

To the best of our knowledge, this
sialoglycomic approach reports for the first time
a pattern of signature molecules on the CD34+

HSCs of UCB. The lower expression of O-
acetylated sialoglycoproteins along with the
higher expression of α2,3-linked sialic acids, on
these cells, gives an extra level of restriction,
forming the blueprint, distinguishing them from
the leukaemic cells. This finding has been
substantiated by the respective enzymatic
activities. Additionally, an enhanced cell surface
expression of P- and E-selectins and ICAM-1
along with a diminished expression of L-selectin
is observed. Interestingly, these parameters are
completely different in diagnostic ALL samples.
Taken together, this glycomic template can serve
as a potential indicator, reassuring the normal
profile of these stem cells, to be used for future
transplantation.
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21.2 Materials and Methods

21.2.1 Study Subject

Human UCB samples (~20 ml, n ¼ 15) were
collected from healthy full-term neonates in
Alsevers’ solution, immediately after delivery
by gravitation. Additionally, BM samples from
clinically confirmed childhood ALL patients at
diagnosis (BMALL, n ¼ 15) and in CR (BMCR)
were used for comparison. The Institutional
Human Ethical Committee as per the protocol of
the Indian Council of Medical Research approved
the study. Samples were collected with informed
consent from parents/guardians.

21.2.2 Flow Cytometric Detection
of Sialic Acids and Different
Adhesion Molecules in CD34+

Cells of UCB

Mononuclear cells (MNCs) were isolated from all
different clinical samples separately and
processed as described earlier (Chowdhury et al.
2008). Briefly, cells (1x106) were incubated with
PE-CD34 and FITC conjugated/biotinylated/
unconjugated analytical probes comprising a lec-
tin/monoclonal antibody (mAb), at 4 �C for 1 h in
dark. Using appropriate FITC secondary
antibodies or streptavidin, stained cells were
analysed in FACSCalibur using CellQuest Pro
software (BD Biosciences, USA). Fifty thousand

events were analysed by gating the nucleated
cells (R1, Fig. 21.1a).

FITC conjugated lectin, Achatinin-H having a
preferential affinity towards Neu5,9Ac2α2-6β-D-
GalNAc and recognizing Neu5,9Ac2-GPs, was
used (Mandal et al. 2000; Sinha et al. 1999a,
1999b; Pal et al. 2004; Chowdhury et al. 2007,
2008; Chowdhury and Mandal 2009). Addition-
ally, FITC-Limulus polyphemus agglutinin (LPA)
and two biotinylated plant lectins, namely,
Maackia amurensis agglutinin (MAA) and
Sambucus nigra agglutinin (SNA) having speci-
ficity towards Neu5Ac, Neu5Acα2-3Gal, and
Neu5Acα2-6Gal/GalNAc, respectively, were
used (Vector Laboratories). The selectins (L, E,
and P), ICAM-1, and VCAM-1 were probed with
anti-CD62L, anti-CD62E, anti-CD62P, anti-
CD54, and anti-CD106 mAbs, respectively.
Anti-CD62E and anti-CD54 were detected using
FITC-streptavidin (BD Biosciences, USA).
Purified anti-CD62P, anti-CD62L, and anti-
CD106 were detected using FITC-anti-murine
IgG (Chowdhury et al. 2007).

21.2.3 Functional Characterization
of the CD34+ Cells of UCB Using
Aldehyde Dehydrogenase
(ALDH)

Viable CD34+ cells expressing cytosolic ALDH
were identified by flow cytometry using Aldefluor
reagent (Stemcell Technologies Inc., Canada) as

Fig. 21.1 Phenotypic identification of the study popu-
lation in umbilical cord blood (UCB) showing status of
a specific antigen. A representative dot plot with forward
(FSC-H) versus side (SSC-H) scatter, showing the region
gated for the haematopoietic cells (HSCs), designated as

R1 (a). Dot plot showing cells in R1, gated for positive
expression of CD34 antigen (R2, b). Cells in R2 assessed
in a representative histogram plot presenting the log fluo-
rescence intensity of a representative probe used for the
study (c)
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per the manufacturer’s instruction. Briefly, MNCs
(1x106) were suspended in ALDEFLUOR assay
buffer. The activated Aldefluor substrate was
added, and half of this cell suspension was trans-
ferred to a tube containing diethylaminoben-
zaldehyde (DEAB), a specific inhibitor of
ALDH that serves as control. Samples were
incubated for 30 min at 37 �C for optimum
enzyme activity and analysed in a flow cytometer.

21.2.4 Detection of the Activity
of Enzymes Responsible
for Sialylation in CD34+

Populations of UCB

The activities of the three main enzymes
regulating sialylation were determined by
isolating the CD34-enriched population from
MNCs of UCB samples using magnetic columns
(Stemcell Technologies Inc., Canada). For com-
parison, these assays were repeated in parallel
with the CD34+ cells of BMALL and BMCR. The
activity was determined using cell lysate prepared
by sonication of 1–2x106 cells in the water on ice
(Mandal et al. 2009).

21.2.5 Sialate-O-Acetyltransferase
(SOAT)

Bovine submaxillary mucin known to contain
Neu5,9Ac2α2-6β-D-GalNAc was de-O-
acetylated and used as the exogenous acceptor.
Cell lysate and [3H]AcCoA were used as enzyme
source and donor, respectively. Briefly, cell lysate
(60 μg), de-O-AcBSM, and [3H]AcCoA (10 μl,
0.05 μCi, 2.4 μM) in 10 μl buffer containing Tris-
HCl (10 mM, pH 7.0), KCl (150 mM), and MgCl2
(1 mM) in a total volume of 100 μl were
incubated at 37 �C for 1 h. The reaction was
stopped with ice-cold perchloric acid (PCA,
10%). After centrifugation the precipitated pro-
tein was washed with ice-cold PCA (4%). The
washed protein was dissolved in NaOH and
incubated overnight at 25 �C. The protein solu-
tion was then neutralized, and radioactivity was
measured in a scintillation counter (Packard

Bioscience Company, USA). In the control tube,
the buffer was used instead of the enzyme source
(Mandal et al. 2009).

21.2.6 Sialyltransferase Activity

In this assay (Mondal et al. 2009), the reaction
mixture consisting of cell lysate (125 μg, enzyme
source), asialofetuin (acceptor), 0.25 mCi CMP-
14Sia (donor, Amersham Bioscience, Germany),
50 nmol CMP-Sia, 1 mM DANA (2,3-dihydro-2-
deoxy-NeuAc, an inhibitor of sialidase,
Calbiochem), and 50 mM cacodylate buffer
(0.10% triton X-100, 10 mM MnCl2, 150 mM
NaCl, pH 6.5) in a total final volume 100 μl was
incubated at 37 �C for 1 h and processed as above.

21.2.7 Sialidase Activity

The total sialidase activity was determined by
using 4-MU-Neu5Ac as the substrate. The reac-
tion mixture of the assay contained cell lysate
(100 μg), 4-MU-Neu5Ac (30 nmole), and BSA
(15 μl, 40 μg/ml) in sodium acetate buffer
(50 mM, pH 4.6). After incubation at 37 �C for
1 h, the reaction was terminated with glycin/
NaOH buffer (1.5 ml, 0.2 M, pH 10.8). Assays
were performed in triplicate in a final volume of
100 μl. Fluorescence emission was measured on
fluorimeter (PerkinElmer) with excitation at
365 nm and emission at 450 nm as discussed
earlier (Mandal et al. 2010).

21.2.8 Statistical Analysis

Statistical analysis was performed using the
GraphPad Prism software program (GraphPad
Software Inc., CA). Results were expressed as
mean � SD for each individual set of experiment.
Two-tailed P value for unpaired t test (P) < 0.05
was considered significant.
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21.3 Results and Discussion

21.3.1 Physical and Functional
Parameters Defining the HSCs
of UCB

The CD34 antigen is a 110–115 kDa transmem-
brane sialoglycoprotein, expressed by early
haematopoietic progenitor cells with the highest
expression on the most immature stem cells
(George et al. 2001). Incidentally, a large percent-
age of acute leukaemias are CD34+ (Krause and
Van Etten 2007).

Since cell surface CD34 is a well-established
marker to identify the HSC population, we have
studied exclusively those cells with phenotypic
expression of CD34 antigen. The nucleated cells
have been gated as R1 (Fig. 21.1a) and analysed
in a dot plot where the CD34+ cells are designated
as R2 (Fig. 21.1b). Flow cytometric analysis of
the percentages of CD34+ cells revealed consid-
erable statistical differences among the three sets
of samples studied. CD34+ HSCs of UCB were
significantly low (4–10%) as compared to BMALL

(~75%), whereas CD34+ cells of BMCR samples
were 1–5% as expected.

The phenotypic expression of CD34 has been
supported by the co-expression of ALDH in the
CD34+ cells (Fig. 21.2). Since the activity of
intracellular ALDH is highest in the HSCs, in
contrast to lymphocytes, the former can be easily
identified based on this differential expression

(Storms et al. 2005). Cells in the ALDH+ region
(R2, Fig. 21.2b) had more than 90% expression of
CD34 (Fig. 21.2c), attesting to the functional
activity and viability of the selected study
population.

21.3.2 Differential Pattern
of Sialylation on the CD34+

HSCs of UCB as Compared
to CD34+ Cells from BMALL

and BMCR

Following the characterization of the study popu-
lation (CD34+ALDH+ cells, Fig. 21.1c), we
investigated the diversity of sialic acid derivatives
in these cells (Fig. 21.3; Table 21.1). BMALL

represent the diseased population with which
comparison has been drawn. In contrast, the
patients in CR are declared to be clinically
asymptomatic and have been used in this study,
as a substitute for the normal BM.

A close association exists between childhood
ALL and Neu5,9Ac2-GPs. The latter is
overexpressed at the onset of the disease,
followed by reduced expression with treatment
in CR and reappearance with relapse (Mandal
et al. 2000; Sinha et al. 1999a, 1999b; Pal et al.
2004; Chowdhury et al. 2007; Chowdhury et al.
2008; Chowdhury and Mandal 2009). In this
study, cell surface expression of linkage-specific
Neu5,9Ac2-GPs on CD34+ HSCs of UCB is

Fig. 21.2 Functional identification of CD34+ HSCs of
UCB with aldehyde dehydrogenase (ALDH) activity.
Cells in R1 (Fig. 21.1a) were analysed in a dot plot with
FL1-H versus SSC for control setting of Aldefluor assay,
as per manufacturer’s instruction. FL1 contains the
DAAA, a fluorescent substrate for ALDH, where the

reaction has been blocked by DEAB to adjust R2 such
that no events appear in the R2 region. This setting served
as a control for subsequent analyses (a). In UCB sample,
the R2 region was positive for cells with high ALDH
activity (ALDH+, b). ALDH+ cells in R2 plotted in a
histogram, with CD34, revealed >90% CD34+ cells (c)
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minimal as detected by FITC-Achatinin-H. In
contrast, the percentage of Neu5,9Ac2-GPs

+

cells was very high in BMALL (~sixfold more
than the former, Table 21.1), while it is signifi-
cantly low in BMCR as reported earlier [11–14].
Since this expression is comparable to that of
BMCR, therefore, the lower expression of this
disease-associated antigen is a hallmark describ-
ing the CD34+ HSCs of UCB.

In contrast to the expression of Neu5,9Ac2-
GPs, the α2,3-linked sialic acid content
(Neu5Acα2-3Gal+ cells), as identified by MAA,
is significantly more (~1.6-fold more) in CD34+

cells of UCB samples, as compared to the BMALL

samples, confirming it as a marker with down-
regulated expression in BM-associated malig-
nancy, in this case childhood ALL (Table 21.1).
Therefore, an elevated level of α2,3-linked sialic
acid can also serve as a potent indicator of the
normal CD34+ HSCs of UCB.

Contrary to the differential expression of
Neu5,9Ac2-GPs and Neu5Acα2-3Gal, the per-
centage of cells having cell surface sialoglyco-
proteins with terminal Neu5Acα2-6Gal/GalNAc,
as detected using SNA, had statistically

insignificant variation between UCB and diseased
samples (Table 21.1). Similarly, the total sialic
acid content (ranging between 35 and 51%,
Table 21.1) in the CD34+ cells of UCB/BMALL/
BMCR is not significantly different from each
other as detected by FITC-LPA. Therefore, total
Neu5Ac or α2,6-linked sialic acid content does
not hold promise as a potential biomarker for
normal HSCs.

21.3.3 Differential Expression of CAMs
Along with Selectins
on the CD34+ Cells of UCB,
BMALL, and BMCR

CAMs play a vital role in the initial steps of
leukocyte trafficking and can be grouped into
four major families including the immunoglobu-
lin (Ig) superfamily CAMs, integrins, cadherins,
and selectins. Among these, selectins mainly leu-
kocyte endothelial CAMs (LECAMs) are a fam-
ily of carbohydrate-binding proteins which bind
fucosylated carbohydrates, especially sialylated
Lewisx and mucins. The three selectins are
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Fig. 21.3 Expression of sialic acid and its derivatives
along with cell adhesion molecules on CD34+ cells of
UCB as compared to BMALL at diagnosis and BMCR in
clinical remission. CD34+ cells (gated as shown in
Fig. 21.1a–b) from the aforesaid samples were analysed
by two-colour flow cytometric analysis. Bar depicts the
mean � SD of the percentage of cells expressing

sialoglycoproteins and adhesion molecules as evidenced
by binding with fluorescence-tagged lectins (Achatinin-H,
LPA, SNA, and MAA) and specific mAbs against adhe-
sion molecules (CD62L, CD62E, CD62P, CD54, and
CD106). *P < 0.05 indicates a significant difference
between two test groups
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leukocyte (L)-, endothelial (E)-, and platelet (P)-
selectins (Chowdhury et al. 2007).

In addition to the linkage-specific sialic acids,
the selectins also provide a different sketch on the
CD34+ HSCs of UCB (Fig. 21.3, Table 21.1).
Among the existing selectins studied here,
E-selectin is exclusively expressed on the CD34+

HSCs of UCB (~eightfold more) in contrast to
negligible expression in BMALL and BMCR

samples. This significantly higher manifestation
of E-selectin, therefore, can be utilized as a steadily
expressing stem cell antigen.

L-selectin+ cells showed considerable differ-
ence between all the three sets of samples studied.
CD34+ HSCs of UCB have the least amount of
L-selectin+ cells, significantly less (~twofold less)
than BMALL and BMCR samples. Consequently,
this basal level of expression of L-selectin on
CD34+ HSCs of UCB, in contrast to over expres-
sion in diseased samples, can serve as an emblem
for normal HSCs.

Analogous to the previous selectins, P-selectin
does not exhibit a significant variation between
BMALL and BMCR samples. However, this
expression becomes twofold more in the CD34+

HSCs of UCB rendering it to be another indicator
of these cells.

The Ig superfamily CAMs (ICAM-1 and
VCAM-1) are calcium-independent transmem-
brane glycoproteins (Chowdhury et al. 2007).
Interestingly, the ICAM-1 expression is
extremely high in the CD34+ cells from UCB,
being twofold and fourfold more than that of
BMALL and BMCR, respectively (Table 21.1).
Owing to this extremely significant variation in
this expression in UCB, the potential of ICAM-1
as a biomarker of normal HSCs can be ensured.
The CD34+ cells of UCB had the least expression
of VCAM-1 as compared to more CD34+ cells in
BMALL, and BMCR, but statistically, insignificant
difference rules out this antigen to be used as a
marker of normal stem cells.

21.3.4 Lower Sialate-O-
Acetyltransferase (SOAT)
in CD34+ Cells of UCB
Compared to BMALL

The nascent sialoglycoconjugates are modified by
SOAT which transfer the acetyl group from
acetyl-coenzyme A onto sialoglycoconjugates.
We have demonstrated that the enhanced activity
of SOAT is responsible for the transfer of the O-

Table 21.1 Cell surface molecular profile and enzymatic activities of CD34+ HSCs of UCB compared to CD34+ cells of
BMALL and BMCR

Parameters

CD34+ cells

UCB BMALL BMCR
aSialic acids and
derivatives

Neu5,9Ac2α2-6β-D-GalNAc 12 � 3 70 � 5 8 � 4
Neu5Ac 43 � 8 43 � 17 38 � 5
Neu5Acα2-6Gal/GalNAc 86 � 5 76 � 7 72 � 9
Neu5Acα2-3Gal 88 � 4 54 � 14 78 � 7

aCell adhesion
molecules

L-selectin/LECAM-1/CD62L 27 � 6 56 � 12 43 � 10
E-selectin/LECAM-2/CD62E 23 � 4 3 � 1 2 � 1
P-selectin/LECAM-3/CD62P 91 � 7 49 � 9 44 � 4
ICAM-1/CD54 95 � 3 46 � 8 21 � 9
VCAM-1/CD106 30 � 12 40 � 6 42 � 10

bEnzymes Sialate-O-acetyltransferase (SOAT) ( pmole/
min � mg protein)

0.55 � 0.02 0.84 � 0.03 0.46 � 0.02

α2,6 sialyltransferase (ST6Gal I) ( pmole/
min � mg protein)

0.48 � 0.03 0.57 � 0.04 0.40 � 0.04

Sialidase (nmole/min � mg protein) 2.7 � 0.1 0.3 � 0.08 2.81 � 0.09
aExpression in terms of percent positive cells; benzymes regulating the overall sialylation of cells; UCB umbilical cord
blood, BMALL bone marrow (BM) at diagnosis of childhood acute lymphoblastic leukaemia (ALL), BMCR BM of
childhood ALL patients in clinical remission
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acetyl group to the sialic acid of glycoproteins in
leukaemic cells (Mandal et al. 2009). In this
study, the status of the enzymes regulating O-
acetylated sialic acid was evaluated in all three
populations (Fig. 21.4a, Table 21.1). In the CD34+

cells of UCB, the SOAT activity was significantly
less (~twofold) than that of CD34+ cells of BMALL

while almost similar to that of BMCR. This finding
supports the previously assured lower expression
of cell surface Neu5,9Ac2-GPs in UCB. Thus both
the enzyme activity and the antigen expression
show a trait opposite to the leukaemic blasts and
hence can be used for the nomenclature of normal
CD34+ HSCs from UCB.

21.3.5 a2,6-Sialyltransferase Activity
(ST6Gal I) Remains Almost
Unaltered in the CD34+ Cells

Sialyltransferase belongs to the enzyme class
which adds sialic acid residues to sialoglyco-
proteins and sialoglycolipids during their biosyn-
thesis. β-Galactoside α2,6-sialyltransferase
(ST6Gal I) is the only sialyltransferase having
the capability of adding sialic acid in α2,6-linkage
to Galβ1,4GlcNAc, a sequence commonly found
in N-linked chains of glycoproteins (Mondal et al.
2009). ST6Gal I activity in CD34+ HSCs of UCB

did not exhibit significant variation from the
CD34+ cells of BMALL and BMCR samples.
Thus, like the total α2,6-linked sialic acid content,
the ST6Gal I activity cannot be used as an indica-
tor of normal HSCs.

21.3.6 Higher Sialidase Activity
in CD34+ Cells from UCB
Compared to BMALL

Sialidase removes sialic acids during sialoglyco-
conjugate degradation (Mandal et al. 2010). In the
CD34+ cells of UCB, the sialidase activity is
significantly higher than that of the BMALL

samples while almost comparable with that of
BMCR-derived CD34+ cells (Fig. 21.4b,
Table 21.1). Hence this high activity of the
sialidase can be used as a specific indicator of
normal HSCs.

Thus, the low expression of Neu5,9Ac2-GPs is
corroborated by the low activity of SOAT in
CD34+ HSCs of UCB. Similar expression of
α2,6-linked sialic acids in UCB has been
supported by analogous sialyltransferase activity
while the high activity of sialidase accounts for
the comparable sialic acid expression on CD34+

HSCs of UCB. Hence, the synchronized activities
of the aforesaid enzymes maintain the cell surface

En
zy

m
e 

ac
tiv

ity
(p

m
ol

e/
m

in
 x

 m
g 

pr
ot

ei
n)

En
zy

m
e 

ac
tiv

ity
(n

m
ol

e/
m

in
 x

 m
g 

pr
ot

ei
n)

0

0.25

0.50

0.75

1
UCB

a b

BMALL
BMCR

ST6Gal ISOAT

1

2

3

UCB BMALL BMCR

Sialidase
**

Fig. 21.4 Modulation of activities of sialate-O-
acetyltransferase (SOAT), α2,6-sialyltransferase
(ST6Gal I), and sialidase in CD34+ cells of UCB as
compared to BMALL and in BMCR. Enzyme activities
were determined using cell lysates as enzyme sources, and
the reactions were performed in duplicate. *P < 0.05, a

significant difference between two test groups. (a) The
enzyme activities were evaluated in pmole/min � mg pro-
tein and represented as mean � SEM. (b) The enzyme
activity was evaluated in nmole/min � mg protein and
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expression of the respective sialic acid
derivatives.

21.4 Conclusion

O-Acetylated sialic acids play a multifaceted role
in childhood ALL (Pal et al. 2004; Chowdhury
et al. 2007; Mukherjee et al. 2008, 2009; Ghosh
et al. 2005a, 2005b, 2007). The exclusive expres-
sion of two O-acetylated sialoglycoproteins
(120 and 90 kDa) and their impaired immunolog-
ical functions reflect their disease association. In
contrast, normal lymphocytes have a minimal
expression of 144 and 36 kDa Neu5,9Ac2-GPs
with the low affinity towards Achatinin-H (Pal
et al. 2004). The splendour of the present study
is the lower expression of these O-acetylated
sialoglycoproteins confirmed by the low SOAT
activity in the CD34+ HSCs of UCB attesting to
their normal characteristics. Therefore, the profile
of O-acetylated sialoglycoproteins in UCB is a
unique outcome in this investigation. Addition-
ally, the status of other molecules along with
linkage-specific sialic acids on CD34+ HSCs of
UCB, in contrast to CD34+ BMALL, also
reassures their normal profile. Based on these
observations, the established sialoglycopattern
of normal CD34+ HSCs of UCB opens up an
unconventional avenue to monitor these cells
before transplantation, thereby deserving special
attention in clinical therapeutics.
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Vitamin C: A Natural Inhibitor
of Cell Wall Functions and Stress
Response in Mycobacteria

22

Kirtimaan Syal and Dipankar Chatterji

Abstract

Tuberculosis, caused by Mycobacterium
tuberculosis, has re-emerged as a threat to
human race. Conventional antibiotic
treatments are failing due to different stress
response strategies adopted by bacterial
pathogens. Since time immemorial, Vitamin
C is known to protect against pathogens by
boosting immunity in humans. Recently, Vita-
min C has been shown to directly kill
M. tuberculosis including multiple drug-
resistant strains by generation of oxidative
radicals through Fenton’s reaction. Concur-
rently, it inhibits (p)ppGpp-mediated stringent
response thus effectively shutting down long-
term survival and persistence in mycobacteria.
Here, we have discussed historical perspective
and recent evidences on Vitamin C-mediated
inhibition of several key pathways of
M. tuberculosis such as (p)ppGpp synthesis
and mycobacterial cell wall function. Several
cell wall components including mycolic acids
are critical for mycobacterial virulence. We
observed downregulation of various mycolic
acids in M. smegmatis upon treatment with
Vitamin C, and data have been presented
here. Vitamin C has been shown to inhibit
the biofilm growth as well as disrupt the

formed biofilm in mycobacteria. Additionally,
Vitamin C role in cell-mediated and humoral
immunity has been elucidated. Vitamin C is
toxic at high concentration; therefore we have
proposed the idea of derivatizing Vitamin C in
order to lower the minimal inhibition concen-
tration (MIC) necessary to target
M. tuberculosis.
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Immune response · Oxidative radicals ·
Mycobacteria · Mycolic acid
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22.1 Introduction

Vitamins are organic compounds essential to
humans that must be obtained from food except
Vitamin D, which can be made inside human
body provided there is enough exposure to sun-
light. ‘Vitamin’ word has been derived by the
combination of ‘vita’ (in Latin, vita means life)
and chemical group ‘amine’. Vitamin is a misno-
mer as most vitamins do not contain amine group.
Like all other vitamins, humans must obtain Vita-
min C from their diet. Most animals can synthe-
size Vitamin C in the body from D-glucose or
D-galactose except for primates, humans, guinea
pigs and fruit bats. The human body lacks
D-gulonolactone oxidase enzyme necessary for
Vitamin C synthesis (Lehninger et al. 2008).
The deficiency of Vitamin C caused devastation
across the world until it was isolated and purified
by Albert Szent-Gyorgyi (Nobel Laureate, Physi-
ology or Medicine, 1937) (Lehninger et al. 2008).
The recommended daily intake of Vitamin C has
long been disputed. As per US Food and Nutri-
tion Board of the Institute of Medicine, an adult
man and woman need 90 milligrams/day and
75 milligrams/day of Vitamin C, respectively
(Institute of Medicine (US) Panel on Dietary
Antioxidants and Related Compounds. Dietary
Reference Intakes for Vitamin C, Vitamin E,
Selenium, and Carotenoids. Washington
(DC) 2000). However, Vitamin C could be
administered up to 2 g/day by oral or injection
route for therapeutic purposes like treating scurvy
(Institute of Medicine (US) Panel on Dietary
Antioxidants and Related Compounds. Dietary
Reference Intakes for Vitamin C, Vitamin E,
Selenium, and Carotenoids. Washington
(DC) 2000). Linus Pauling (Nobel Laureate,
Chemistry, 1954) advocated the administration
of Vitamin C for treating common cold, flu and
cancer (Hemila 1997). At that time, it was
contested that, nevertheless in the light of recent
evidences, interest in Vitamin C-based therapy
has again rejuvenated (Berger and Oudemans-
van Straaten 2015). Earlier, Vitamin C was
shown to enhance the function of the immune
system. It specifically upregulates the
T-lymphocyte proliferation and increases the

levels of complement protein C1q thus
strengthening the cell-mediated immunity and
humoral immunity, respectively (Badr et al.
2012; Johnston et al. 1987). More recently, it
has been discovered that Vitamin C can directly
act and kill dreadful pathogen Mycobacterium
tuberculosis by Fenton’s reaction (Vilcheze
et al. 2013). Additionally, it targets (p)ppGpp
synthesis thus bringing down the stringent
response in mycobacteria (Syal et al. 2017a).
Tough mycobacterial cell wall with defined archi-
tecture is essential for its virulence and survival. It
protects mycobacteria from host immune
response. One of its constituents, namely,
mycolic acids, is critical virulence factors, and
any inhibition in mycolic acid synthesis
compromises mycobacterial survival inside the
host. Vitamin C has been shown to inhibit myco-
bacterial cell wall function and biofilm formation
(Syal et al. 2017a). On one side, Vitamin C
enhances the immune system, and on the other
side, it directly targets the pathogen such as
M. tuberculosis, which is incredible and unique.
It has been shown to be effective against drug-
susceptible, multidrug-resistant (MDR) and
extensively drug-resistant (XDR)
M. tuberculosis strains supporting the contention
of the incorporation of Vitamin C in anti-
mycobacterial therapy (Vilcheze et al. 2013).
However, necessity of high concentration to
directly targetM. tuberculosis is a limiting factor.
It has been shown that tuberculosis patients have
lower blood concentration of Vitamin C thus
associating its deficiency with the higher inci-
dence of tuberculosis (Awotedu et al. 1984). Vita-
min C is believed to protect from infectious
diseases. Vitamin C also helps in prognosis of
tuberculosis by promoting healing of lesions
(Soh et al. 2017; Chakraborty et al. 2014). Most
importantly, bacteria can evolve into resistant
strains due to its ability to persist attributed to
(p)ppGpp synthesis which is considered as the
master regulator of stress response and persis-
tence (Syal et al. 2015c). Inhibition of (p)ppGpp
function compromises bacterial survival in hostile
conditions. Still, many key molecular
mechanisms involved in assimilation of Vitamin
C by immune cells, cell protection, regulation of
oxidation and reduction are largely unknown.
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22.2 Vitamin C and Historical
Perspective

Many ancient excerpts described large-scale dev-
astation inflicted by the deficiency of Vitamin
C. For example, Vasco da Gama lost two-third
of his crew during exploration of trade routes to
India (Lehninger et al. 2008) due to scurvy. In the
early seventeenth century, James Lind (surgeon
from the Royal Army) carried out first control
study where he observed quick recovery of sailors
from scurvy on inclusion of lemons and oranges
in their diet (Lehninger et al. 2008). Almost after
40 years, the British admiral made concentrated
lemon juices mandatory for all British sailors.
Later, Vitamin C was discovered as a cure for
scurvy. It was reported to be essential for the
development of connective tissues, bone forma-
tion and healthy gums (Chambial et al. 2013).
Multiple autopsy reports showed complication
of pneumonia in Vitamin C-deficient patients
(Hemila and Louhiala 2007). However, it was
contested as a secondary complication of scurvy.

The Vitamin C levels were reported to be
lower in comparison to the healthy controls in
infectious diseases including tuberculosis (Dunn
1945). Linus Pauling advocated the administra-
tion of high concentration of Vitamin C in cases
of pathogenic infections. Though several studies
concluded and agreed upon the positive correla-
tion between Vitamin C deficiency and
infections, it was not clear whether lower levels
of Vitamin C result in infection or infection leads
to the lower levels of Vitamin C. It needs further
investigation (Hemila 2017).

Vitamin C is a well-known antioxidant. The
pathogenic infestation leads to high levels of
reactive oxidant species (ROS) in immune cells,
and Vitamin C helps in containing the harmful
effects of such oxidative radicals in the host cells.
Phagocytes transport Vitamin C into the cell to
prevent the toxic effects of ROS. This transport
reduces the plasma concentration of Vitamin C
which is needed to be replenished. Thus, Vitamin
C helps in the regulation of immune response to
pathogens. This topic has been further explained
in the next section. Recently, Harri Hemilä ele-
gantly summarized the outcome of several studies

carried out on guinea pigs infected with bacterial
pathogens and fed with Vitamin C-rich diet or
pure Vitamin C (Hemila 2017). In most of these
studies, guinea pigs have been used as a model
organism as like humans, they cannot synthesize
Vitamin C and are dependent on dietary intake of
Vitamin C.

Vitamin C was shown to increase the survival
of terminally ill cancer patients. Pauling and
Cameron reported that the supplementation of
Vitamin C (10 g/day) to the conventional cancer
therapy helped in saving 10.3% of the terminally
ill cases, whereas none of the patients
administered with conventional therapy alone
survived (Padayatty et al. 2006). Another study
reported a sixfold increase in survival of cancer
patients on supplementation of therapy with Vita-
min C. Though there are statistical evidences,
comparing one cancer patient with another may
not be correct as many parameters like patient
condition, doses of medicines, case history or
response to medicines/Vitamin C could be differ-
ent (Padayatty et al. 2006).

Most importantly, Vitamin C is necessary for
the hydroxylation of collagen. Collagen is a cru-
cial component of connective tissue. It has a triple
helix structure with very high hydroxyproline
(unusual amino acid) content (Lehninger et al.
2008).

22.3 Vitamin C and Fenton’s
Reaction

It is evident that many bactericidal antibiotics
corrupt iron metabolism leading to the synthesis
of highly reactive hydroxyl radicals by Fenton’s
reaction. In 2013, Jacob Jr. et al. showed that
Vitamin C through Fenton’s reaction kills drug-
susceptible and drug-resistant M. tuberculosis
(Vilcheze et al. 2013). Interestingly,
M. tuberculosis was shown to be highly suscepti-
ble to the high concentration of Vitamin C, unlike
most Gram-negative and Gram-positive bacteria
(Vilcheze et al. 2013). Susceptibility of
mycobacteria to Vitamin C was dependent on
high ferrous ion levels in its cytoplasm. It is
worth mentioning that hydroxyl radicals are
generated by the combination of Haber-Weiss
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cycle and Fenton’s reaction (Vilcheze et al. 2013)
(Fig. 22.1).

Vitamin C functions as a pro-oxidant in Fenton’s
reaction. Iron is essential for growth of
M. tuberculosis and development of tuberculosis dis-
ease (Sargazi et al. 2017). M. tuberculosis acquires
iron from the host with the help of siderophores and
mycobactin (Sritharan 2016). It has been shown that
mutation in mycobactin can be detrimental for sur-
vival of M. tuberculosis inside the host (Reddy et al.
2013). Hydroxyl radicals produced from Fenton’s
reaction induce cell death by DNA damage which is
partly due to the oxidation of guanine nucleotide pool
(Vilcheze et al. 2013). It has been shown that Vitamin
C can sterilize M. tuberculosis cultures in vitro as
well. It increases iron levels inside mycobacterial
cells. The conversion of ferrous ion to ferric ion
leads to the production of ROS (Vilcheze et al.
2013). On one hand, Vitamin C acts as a
pro-oxidant in Fenton’s reaction, but on the other
hand, it quenches ROS and reactive nitrogen species
(RNS) in immune cells thus regulating immune func-
tion (Carr and Maggini 2017).

22.4 (p)ppGpp Master Regulator
of Stress Response
and Persistence

In 1969, Cashel and Gallant reported first the
appearance of a spot on thin-layer chro-
matographic (TLC) analysis of nucleotides in
lane corresponding to the cell extract from the
starved Escherichia coli cells in comparison to
that of the control (Cashel and Gallant 1969). In
the 1980s, Bremer’s group from the University of
Texas (Little et al. 1983) and Ishihama’s group

from Kyoto University observed that ppGpp
regulates transcription but the mechanism was
not clear (Glass et al. 1986). In 1994, one of us
showed, for the first time, that (p)ppGpp directly
binds to RNA polymerase at the C-terminal
domain of beta subunit of RNA polymerase
(Reddy et al. 1995). Later, Hernandez group
from State University of New York confirmed
the binding pocket at the interface of beta-beta’
subunit of RNA polymerase (Toulokhonov et al.
2001). The binding sites have been long contested
(Perederina et al. 2004; Vrentas et al. 2008), but
soon with the availability of RNAP-ppGpp crys-
tal structure from Steitz’s group (Zuo et al. 2013;
Ross et al. 2013), it is taken as resolved. The latter
crystallization experiment was conducted by
soaking and not co-crystallization, so ppGpp
binding with different conformations of RNA
polymerase might be different. Further, ppGpp
and pppGpp were considered as the same mole-
cule, but studies showed their differential binding
to RNA polymerase explaining different effects
on transcription (Mechold et al. 2013; Syal and
Chatterji 2015). Still, many questions remain
open like what is the net regulation and effect?
Is there a special function associated with each of
them? How are levels of pGpp, ppGpp and
pppGpp determined? Is there any mechanism or
mode of ppGpp and pppGpp interconversion
(Fig. 22.2)? The primary target of (p)ppGpp is
RNA polymerase in Gram-negative bacteria.

Fig. 22.1 Generation of hydroxyl radicals through
Fenton’s reaction. (Vilcheze et al. 2013; Aisen et al.
2001; Williams et al. 2014)

Fig. 22.2 Schematic view: plausible differential regu-
latory roles of pGpp, ppGpp and ppGpp (Syal and
Chatterji 2015)
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However, it has been shown to regulate various
other processes including translation and DNA
replication in E. coli (Table 22.1).

(p)ppGpp is synthesized by RelA/SpoT
enzyme and hydrolysed by SpoT enzyme in
E. coli (Braedt and Gallant 1977; Weyer et al.
1976). (p)ppGpp synthetase (RSH) domain is
largely conserved in bacteria, algae and plants
(van der Biezen et al. 2000). (p)ppGpp synthesis
involves transfer of pyrophosphate from 5’OH
position of ATP to the 3’OH group of GDP or
GTP leading to the synthesis of ppGpp or pppGpp
(Syal et al. 2015c). In mycobacteria, (p)ppGpp is
synthesized and hydrolysed by a bifunctional Rel
enzyme (Jain et al. 2007). Both synthesis and
hydrolysis activities are concentrated at the
N-terminal domain of the enzyme (Jain et al.
2007). Earlier, we showed that ppGpp at high
concentration binds to C-terminal domain of
bifunctional Rel enzyme from M. smegmatis
switching its activity from synthesis to hydrolysis

(Syal et al. 2015b). Structure of N-terminal
domain of Rel enzyme from Streptococcus
equisimilis revealed two conformations: (a) open
confirmation, synthesis off, hydrolysis on, and
(b) close confirmation, synthesis on, hydrolysis
off. Both synthesis and hydrolysis activities were
shown to be mutually exclusive (Hogg et al.
2004). The C-terminal domain has been shown
to play a key role in regulation of (p)ppGpp
synthesis and hydrolysis (Syal et al. 2015b)
(Fig. 22.3).

Earlier, it has been shown that ppGpp ana-
logue can inhibit (p)ppGpp synthesis in Bacillus
subtilis (Wexselblatt et al. 2012). On an important
note, survival of (p)ppGpp null strain of
M. tuberculosis was also shown to be
compromised inside the host (Klinkenberg et al.
2010). Therefore, we decided to synthesize artifi-
cial analogues as well as look for the natural
analogues for inhibiting (p)ppGpp synthesis in
mycobacteria. We observed that (p)ppGpp

Table 22.1 (p)ppGpp binds to several partners, and the list indicates natural function of (p)ppGpp target along with the
effect of (p)ppGpp binding

(p)ppGpp
binding
partners Function Effect of (p)ppGpp on their function

RNA
polymerase

Transcription Inhibits or activates depending on the AT and GC content
of the promoters (in Gram-negative bacteria) (Jores and
Wagner 2003)

RF3 (release
factor)

Release of RF1 and RF2 from
ribosome complex. Role in
translation

Inhibits RF3 function and translation (Kihira et al. 2012)

Guanylate
kinase
(GMK)

Guanosine metabolism Inhibits (critical in Gram-positive bacteria as they lack
transcription-mediated regulation) (Liu et al. 2015)

ppGpp
synthetase –
SAS

Allosterically activates synthesis of
(p)ppGpp

Stress response (Steinchen et al. 2015)

Rel from
M. smegmatis

(p)ppGpp synthesis and hydrolysis Binds C-terminal domain at high concentration. High
concentration switches from synthesis to hydrolysis. Also,
enzyme kinetics illustrated activation of enzyme at low
concentration of (p)ppGpp. Model needs more investigation
(Syal et al. 2015b)

Primase
DnaG

DNA replication Inhibits its function (Steinchen et al. 2015)

Ldc1, lysine
decarboxylase

Acid resistance Inhibits in a pH-dependent manner. Needs more validation
(Kanjee et al. 2011)

BipA Critical for the biogenesis of 70S
ribosomes

Inhibits ribosome assembly (Kumar et al. 2015)

Obg GTPase Implicated in ribosome biogenesis,
stress response and DNA replication

Prevents assembly of 50S subunit of ribosome with 30S.
Needs more validation (Verstraeten et al. 2015)

Most important partners are in bold font
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analogue can inhibit (p)ppGpp synthesis in
mycobacteria (Syal et al. 2017b). Also, we
showed that targeting (p)ppGpp synthesis leads
to the inhibition of long-term survival and biofilm
formation in mycobacteria (Syal et al. 2017b).
Vitamin C was shown to be directly involved in
regulation of mycobacterial persistence, but the
mechanism was largely unknown (Sikri et al.
2015). We tested the effect of Vitamin C on the
formation of (p)ppGpp. Vitamin C inhibited both
in vitro and in vivo synthesis of (p)ppGpp in
M. smegmatis in a dose-dependent manner (Syal

et al. 2017a). The inhibition of (p)ppGpp synthe-
sis was observed to be specific. We determined
the binding of Vitamin C to bifunctional Rel from
M. smegmatis by isothermal titration calorimetry
(Syal et al. 2017a). Further, enzyme kinetics was
followed where K0.5 was calculated to be
increased with the corresponding reduction of
Vmax value. It suggested mixed inhibition. As
expected, Vitamin C also inhibited long-term sur-
vival and biofilm formation in M. smegmatis
(Syal et al. 2017a). Vitamin C and ppGpp
structures are presented in Fig. 22.4.

Fig. 22.3 Schematic view
of C-terminal domain-
mediated regulation of (p)
ppGpp synthesis and
hydrolysis by N-terminal
domain of Rel enzyme from
M. smegmatis

Fig. 22.4 Chemical
Structure of Vitamin C and
ppGpp molecule
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22.5 Vitamin C and Mycobacterial
Cell Wall

Mycobacterial cell envelope is unique and critical
for virulence of pathogenic strains. It is hydro-
phobic in nature and waxy coated rich in mycolic
acids (Syal et al. 2015c). The mycobacterial cell
wall has several key signatures such as
arabinogalactan and oligosaccharides. A repre-
sentation of mycobacterial cell membrane is
shown in Fig. 22.4. The three layers, the plasma
membrane (PM), the cell wall and the outermost
layer, constitute the cell envelope (Syal et al.
2015c). Vitamin C is a small molecule and thus
permeable to cell membrane.

Proteomic analysis revealed downregulation
of Wag31, cell shape protein, by threefolds in
Vitamin C-treated mycobacterial cells (Mishra
and Sarkar 2015). Further, expression of FtsZ,
key cell division protein, was also found to be
suppressed upon treatment with Vitamin C in
M. smegmatis (Mishra and Sarkar 2015). Interest-
ingly, lipid biosynthesis psd gene coding for
phosphatidylserine decarboxylase (catalyses the
reaction of phosphatidylserine to phosphatidyl-
ethanolamine) was reported to be upregulated.
In other organisms, psd gene has been linked
with the ROS generation. Lipids are extraordi-
narily sensitive to oxidative damage which can
impair their function. In alignment to the previous
studies (Vilcheze et al. 2013), we also observed
overall downregulation of lipids upon Vitamin C
treatment inM. smegmatis (data not shown) (Syal
et al. 2016). Further, we observed downregulation
of mycolic acids upon Vitamin C treatment in
M. smegmatis (Fig. 22.5), as determined by den-
sitometric analysis of TLC sheet by a method
described elsewhere (Syal et al. 2017a).

22.6 Vitamin C and Biofilms

Many bacteria exist in biofilm community in
addition to the planktonic single-cell state. Bio-
film formation involves aggregation of cells in a
defined manner (Basaraba and Ojha 2017).
Microbial cells in biofilms are predominantly

organized into outer layer, matrix and attachment
layer. Outer layer protects bacterial cells residing
below in inside layers from hostile conditions like
temperature or antibiotics. Outer layer cells
restrict the permeability of antibiotics at the cost
of their own survival for the greater benefit of the
biofilm community thus increasing the minimum
inhibition concentration of antibiotics to the thou-
sandfold higher value (Basaraba and Ojha 2017;
Syal et al. 2015c). Therefore, pathways necessary
for biofilm formation constitute a fascinating tar-
get (Maiti et al. 2017; Naresh et al. 2012). The
middle matrix layer secretes the necessary buffer
of polysaccharides and metabolites that keep the
biofilm layer together and intact. The attachment
layer keeps the biofilm layer attached to substra-
tum. Molecular cascades responsible for
switching planktonic to biofilm form are not
understood. Secondary messenger (p)ppGpp has
been shown to play a key role in activation of
biofilms (Liu et al. 2017; Nunes-Alves 2014). In
fact, we reported that inhibition of (p)ppGpp syn-
thesis compromises the ability of M. smegmatis
and M. tuberculosis to form biofilm (Syal et al.
2017b). Additionally, it disrupts the formed bio-
film suggesting that (p)ppGpp is not only
involved in the formation of biofilms but also
critical for its maintenance (Syal et al. 2017b).
As described before, we noticed downregulation
of (p)ppGpp levels in a concentration-dependent
manner. As expected, Vitamin C inhibited biofilm
formation in M. smegmatis, which could be pre-
dominantly attributed to the inhibition of (p)
ppGpp synthesis (Syal et al. 2017a).

22.7 Vitamin C Boosts Immunity

Evidently, Vitamin C plays a key role in the
immune system. It is known for its immunosti-
mulatory and anti-inflammatory properties
(Sorice et al. 2014). Many reports suggest that
both cell-mediated and humoral immune response
is improved by Vitamin C supplementation. Vita-
min C enhanced the natural killer (NK) cell activ-
ity, and it led to the higher levels of C1q protein
and antibodies in blood plasma (Heuser and
Vojdani 1997; Chambial et al. 2013). Free
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radicals like ROS are continuously generated in
immune cells. Free radicals are important for
functioning of the immune system but in a
regulated manner. At high levels, free radicals
may damage the essential biomolecules including
DNA and proteins thus inhibiting immune cell
function and causing cell death. At moderate
levels, both ROS and RNS serve as the key regu-
latory molecules. ROS participate in defence
against bacterial infections (Bhattacharya 2015).
In activated macrophages, ROS target and digest
the engulfed bacteria. Similarly, RNS play a

critical role in targeting the engulfed pathogen
(Bhattacharya 2015). Additionally, RNS act as a
key signalling molecule responsible for growth
and coordination of various immune cells includ-
ing macrophages, T lymphocytes, neutrophils and
NK cells (Birben et al. 2012). Vitamin C
quenches the free radicals whenever required
thus regulating the ROS function in immune
cells. On the other hand, Vitamin C acts as a
pro-oxidant leading to the production of free
radicals mediated by Fenton’s reaction, as
described before.

Fig. 22.5 (a) Schematic
view of mycobacterial cell
envelope. (b) Densitometric
analysis of mycolic acids by
thin-layer chromatography
extracted from
M. smegmatis cells treated
with Vitamin C in
comparison to that of the
control
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22.8 Discussion

Vitamin C has been shown to be critical for the
maintenance of immune system. Many patho-
genic infestations, common cold and cancer
have been associated with the deficiency of Vita-
min C. As mentioned before, whether the defi-
ciency of Vitamin C is the cause of susceptibility
to pathogenic infestation or it is the symptom due
to consumption of Vitamin C in immune cells is
not clear (Fig. 22.6). Recent evidences suggest
direct effects of Vitamin C manifested via
Fenton’s reaction or ppGpp synthesis in
mycobacteria.

Additionally, we observed inhibition of
mycolic acid synthesis (Fig. 22.5) and change in

lipid profile (data not shown) in M. smegmatis
upon Vitamin C treatment. Many beneficial
effects (Fig. 22.7) were observed at higher con-
centration of Vitamin C, and such levels of Vita-
min C could be toxic to humans. Excessive
Vitamin C levels can lead to generation of free
radicals through iron metabolism which in con-
trast are damaging to cells. Besides, Vitamin C
catabolism by-product oxalic acid is a known risk
factor for kidney stone. Excess of Vitamin C may
also lead to erosion of tooth enamel, diarrhoea,
gastrointestinal problems, Vitamin B12 defi-
ciency, higher iron levels and higher uric acid
(Institute of Medicine (US) Panel on Dietary
Antioxidants and Related Compounds. Dietary
Reference Intakes for Vitamin C, Vitamin E,

Fig. 22.6 Deficiency of Vitamin C and infection

Fig. 22.7 Supplementation of Vitamin C and its potential effects
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Selenium, and Carotenoids. Washington
(DC) 2000).

In order to overcome the adverse effects, Vita-
min C can be administered directly at the site of
action like in case of tuberculosis; it can be
administered through inhalers for the local higher
concentration thus preventing the accumulation
of Vitamin C or its by-product in plasma or any
other organ (Syal et al. 2015a). Further, we pro-
pose that the modification of Vitamin C so that it
cannot degrade into oxalic acid would be an
effective way, without compromising its natural
function.
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The Wrappers of the
1,2-Propanediol Utilization
Bacterial Microcompartments

23

Naimat K. Bari, Gaurav Kumar, and Sharmistha Sinha

Abstract

The propanediol utilization bacterial
microcompartments are specialized protein-
based organelles in Salmonella that facilitate
the catabolism of 1,2-propanediol when avail-
able as the sole carbon source. This smart
prokaryotic cell organelle compartmentalizes
essential enzymes and substrates in a volume
of a few attoliters compared to the femtoliter
volume of a bacterial cell thereby enhancing
the enzyme kinetics and properly orchestrating
the downstream pathways. A shell or coat,
which is composed of a few thousand protein
subunits, wraps a chain of consecutively acting
enzymes and serves as ducts for the diffusion
of substrates, cofactors, and products into and
out of the core of the microcompartment. In
this article we bring together the properties of
the wrappers of the propanediol utilization
bacterial microcompartments to update our
understanding on the mechanism of the forma-
tion of these unique wraps, their assembly, and
interaction with the encapsulated enzymes.

Keywords

Bacterial microcompartments · BMC domain
fold · Shell proteins · Propanediol utilization

23.1 Introduction

Bacterial microcompartments (MCPs) are inter-
esting genre of prokaryotic inclusions which were
discovered 75 years ago by electron microscopy,
and initially these structures were thought to be
viruses inside bacteria. Till date, however, the
MCPs have not shown any resemblance to any
known viral capsid protein. Several genetic and
molecular biology studies have confirmed that
these structures are specialized chambers inside
bacteria that aid metabolism by concentrating
substrates and enzymes in a confined space
(Cheng et al. 2011; Kerfeld et al. 2005; Shively
et al. 1973a; Yeates et al. 2011, 2013). MCPs
were first discovered in cyanobacteria and were
named as carboxysomes because of their role in
CO2 fixation by the Calvin cycle (G Drews 1956;
Shively et al. 1973b). Later on, homologues of
these carboxysomes were discovered in several
bacteria, and the literature witnessed the reports
on the characterization of at least seven different
genres of MCPs in 16% of bacteria across 23 dif-
ferent phyla in 30 loci, and more are being dis-
covered (Axen et al. 2014; Beeby et al. 2009;
Farah Abdul-Rahman and Jeffrey 2013; Jorda
et al. 2013; Sutter et al. 2017). All these different
MCPs have similar structure which comprises of
a protein shell that encapsulates a cluster of
related enzymes for a particular function. Geno-
mic and structural data indicate that the shell
proteins are present in a wide range of bacteria,
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and there exists a high level of structural sophisti-
cation leading to the development of these
wrappers of a definite size and shape in vivo.
Genetic, biochemical, and microbiological stud-
ies on the MCPs indicate that the general function
of these prokaryotic organelles is to optimize
metabolic pathways having intermediates that
are toxic to the cell or are volatile which can
diffuse out freely through the cell membrane
(Jorda et al. 2013, 2015; Kerfeld et al. 2010;
Yeates et al. 2011, 2013). Recent biophysical
studies have shed light on the topological and
mechanical features of these organelles. Using
the β-carboxysome as a paradigm, it has been
shown that these organelles have a flexible orga-
nization and soft mechanical properties as com-
pared to rigid viruses (Faulkner et al. 2017).

The general scheme for a MCP action involves
movement of a metabolic substrate from the cyto-
plasm to the MCP core where it is acted upon by a
series of enzymes along with the formation of a
toxic intermediate (Havemann et al. 2002; Penrod
and Roth 2006; Rondon et al. 1995). The outer
wrapper proteins of the MCPs play a crucial role
in trapping this intermediate inside and
channelizing it to downstream enzymes for fur-
ther processing (Dou et al. 2008; Havemann et al.
2002; Price and Badger 1989; Rondon et al.
1995). As and when required, the product
(s) move out of the MCP, where they enter the
central metabolism of the cell thereby providing
energy for cell growth. The basic function of the
MCPs thus is to segregate molecular processes
leading to proper channelization of the nutrients
in an energy-efficient approach. Among the com-
mon MCPs reported till date, the carboxysomes
play a major role in carbon fixation, while the Eut
(ethanolamine utilization) and the Pdu
(1,2-propanediol utilization) MCPs act as
metabolosomes for the utilization of specific
substrates and are crucial for development and
dissemination of enteric pathogens. The
carboxysomes account for close to 25% of the
carbon fixation of the nature and are present in
almost all bacteria using the Calvin cycle for
carbon utilization (Kerfeld et al. 2010; Rae et al.
2013). Carboxysomes encapsulate two enzymes:
carbonic anhydrase and RuBisCO. The carbonic

anhydrase transforms bicarbonate to produce CO2

which is then fixed to ribulose-1,5-bisphosphate
by the enzyme RuBisCO (Chen et al. 2013).
Sequestration by the carboxysomes allows the
concentration of CO2 to be elevated in the imme-
diate vicinity of RuBisCO, improving its catalytic
efficiency (Dou et al. 2008; Price et al. 2008; Rae
et al. 2013). The other main MCPs, Pdu-MCP and
Eut-MCP found in the enteric pathogen Salmo-
nella, help the organism to grow in the infected
intestine leading to their propagation in new hosts
(Thiennimitr et al. 2011; Winter and Baumler
2011; Winter et al. 2010). Both 1,2-propanediol
and ethanolamine are the by-products of the
incomplete utilization of fucose or rhamnose in
the intestine (Badía et al. 1985; Baldoma and
Aguilar 1988). The Pdu- and Eut-MCPs operate
by sequestering toxic/volatile catabolic interme-
diate like propionaldehyde during
1,2-propanediol utilization (in Pdu-MCPs) or
formaldehyde during ethanolamine utilization
(in Eut-MCPs). A schematic representation of
the action of the Pdu-MCPs is shown in
Fig. 23.1. Apart from enhancing the enzyme
activity by compartmentalization, the MCPs also
help to reduce cytotoxicity, DNA damage, and
the loss of valuable nutrient source.

All the MCPs reported till date have shown an
icosahedral structure, though deviations from a
perfect icosahedra have been observed in some
cases (Bobik 2006; Cannon et al. 2001; Cheng
et al. 2008; Shively et al. 1973a). The core
elements in assembly of a MCP include the for-
mation of the external shell or wrap with the
concurrent encapsulation of the enzyme cluster
inside. The wrap or the envelope is made up of
two different kinds of proteins: hexagonal
proteins that make up the faces of the polyhedral
structure and pentagonal proteins that make up
the vertices of the polyhedra. The hexagonal shell
proteins belong to the family of bacterial
microcompartment domain (BMC) which is typi-
cally about 90 amino acids long and have an α/β
fold, while the vertex proteins belong to the BMV
(bacterial microcompartment vertex) family of
proteins (Kerfeld et al. 2010; Yeates et al.
2011). The BMC domain hexagonal proteins
self-assemble into a flat disc-shaped hexagonal
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structure that forms the basic building block of
the external wrap. In most of the shell proteins,
the two sides of the disc have different properties
with respect to their hydrophobicity and curva-
ture. These discs typically have a concave

hydrophobic surface which homes the C-termini
and the N-termini of the proteins and has been
suggested to be facing the MCP lumen (Tanaka
et al. 2009). These C-termini and N-termini are
involved in the interactions with the luminal

Fig. 23.1 Pdu-MCP. (a) Schematic representation of the
pdu operon in Salmonella enterica Serovar
Typhimurium LT2. (b) Schematic representation of the
Pdu-MCP structure and functional pathway indicating

the role of the enzymes. (c) Electron micrographs and (d)
SDS-PAGE of purified Pdu-MCP from LT2 strain
[Sinha Lab]
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enzymes leading to the proper orchestration of the
MCP functions (Fan et al. 2010; Lehman et al.
2017). Although there is no direct evidence on the
arrangement of the shell proteins of the outer
wrap of the MCPs, several studies hypothesize
that the wrap is made up of mixed sheets com-
posed of the multiple BMC proteins. A single
shell thus is composed of few thousand different
proteins of 4–8 types (depending on the type of
MCP), and each type bears a special functional
role. The pentagonal vertex proteins belong to the
family of BMV (bacterial microcompartment ver-
tex) proteins and are crucial for the closure of the
polyhedra. This unique architecture of the MCPs
helps in efficient encapsulation of enzymes,
substrates, and cofactors in a volume as low as
an attoliter compared to the femtoliter volume of
the cell and offers an energy-efficient paradigm
for bacteria to survive under special conditions.
Lessons from the MCP structure-function rela-
tionship have of late become very intriguing in
developing novel synthetic bioreactors.

Followed by carboxysomes, the most studied
MCPs are the Pdu-MCPs in Salmonellawhich aid
the vitamin B12-dependent metabolism of
1,2-propanediol (1,2-PD). The Pdu-MCPs grow
only in the presence of 1,2-PD as the carbon
source. The Pdu operon in Salmonella encodes
all the shell proteins and the associated 1,2-PD-
degrading enzymes (Chen et al. 1994)
(Fig. 23.1a). In this chapter we will focus on the
Pdu-MCPs with special emphasis on the
properties of the protein wraps and their mecha-
nism of interaction with the internal enzyme
cluster.

23.2 Pdu-MCP Envelope

The present understanding of the Pdu-MCP is that
the outer wrap is composed of eight structural
proteins, PduA, PduB, PduB’, PduJ, PduK,
PduT, PduU, and PduN. PduM has also been
suggested to be a part of the shell, although its
role is unclear (Sinha et al. 2012). The shell
proteins PduA, PduB, PduB’, PduJ, PduK,
PduT, and PduU belong to the family of bacterial

microcompartment (BMC) domain and are hex-
agonal in shape. PduN belongs to the class of
pentagonal BMV proteins and forms the vertices
of MCPs. While PduA, PduJ, and PduU are
hexamers of six monomeric BMC domains,
PduB/B’ and PduT are trimers of two tandem
BMC domains. The BMC domain hexagonal
proteins have pores at the center which are
thought to play crucial roles in the selective trans-
port of enzyme substrates, products, and cofactors
(Kerfeld et al. 2005). 2D-IEF-SDS-PAGE have
identified PduA, PduB, PduB’, and PduJ as major
components of the Pdu-MCP shell while PduK,
PduN, PduT, and PduU as minor components
(Havemann and Bobik 2003). Genetic studies
suggest that among the shell proteins, PduB/B’,
PduJ, and PduN are crucial for the assembly of
the Pdu-MCP, and deletion of any of these genes
leads to the formation of nonfunctional
Pdu-MCPs (Cheng et al. 2011). In the following
few paragraphs, we will discuss each of the shell
proteins and its role in wrapping the internal
enzyme cluster.

23.3 Shell Proteins of Pdu-MCP

23.3.1 PduA

PduA protein comprises 16% of the entire shell of
the Pdu-MCP and has been the most studied shell
protein in the Pdu-MCP system (Havemann and
Bobik 2003; Havemann et al. 2002). This protein
is 94 amino acid long and is encoded by the pduA
gene of the pdu operon. It is a hexamer with the
monomers containing only one BMC domain.
The crystal structure of PduA shows adjacent
hexamers interacting together to form an
extended two-dimensional molecular sheet.
These sheets are stabilized by specific interactions
of a number of conserved edge amino acids (K26,
N29, and R79) and are crucial for the architecture
of the whole MCP envelope (Pang et al. 2014;
Sinha et al. 2014). The mutation K26A in PduA
leads to the complete abolition of the Pdu-MCP
(Fig. 23.2), while the mutations N29A and R79A
lead to the formation of enlarged and porous
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Pdu-MCPs. The crystal structure of the PduA-
K26A mutant protein hexamer assemblies
displays two crystal forms 1 and 2. These crystal
forms when superimposed on the wild-type PduA
hexamer structure showed RMSDs of 1.0 Å and
0.9–1.2 Å, respectively, suggesting that PduA-
K26A protein had no major conformational
differences compared to wild-type PduA. How-
ever, the PduA-K26A mutant did not form
extended protein sheets in crystals in contrast to
the wild-type PduA (Fig. 23.2). One crystal form
of PduA-K26A forms one-dimensional sheets
leading to the formation of a three-dimensional
shell protein assembly that cannot form the MCP
facet. Hence, the mutant proteins cannot be
incorporated in the MCPs leading to the
non-formation of the polyhedral structures. It is
also envisaged that PduA-K26A protein may
interact with the internal enzyme cluster similar
to the wild-type protein leading to non-closure of
the shell and eventually a damaged architecture of
the MCPs. Stability studies done at the individual
protein level also demonstrate lower transition
temperature for the K26A mutant compared to
the wild type (Sinha Lab, unpublished results).
It has also been shown that these K26 and R79
residues stabilize the PduA assembly in bacterial
cytoplasm as well (Pang et al. 2014). PduA pro-
tein presents a central pore of 0.6 nm diameter
which is lined by the backbone amides of the
residues G39 and S40 and side chain of S40
from each of the six monomers. This pore has
been shown to be conduit for transport of 1,2-PD

across the MCP envelope (Chowdhury et al.
2015). Molecular dynamics simulations study
has shown that the pore of PduA hexamer has a
lower-energy barrier for the movement of 1,2-PD,
compared to the movement of toxic metabolite
propionaldehyde (Park et al. 2017). The anchor-
ing of 1,2-PD in the pore occurs by the formation
of two hydrogen bonds between the 1,2-PD and
the pore-lining atoms, which is less probable for
propionaldehyde. A ΔpduA developed in Salmo-
nella shows enlarged Pdu-MCPs compared to the
wild type along with growth arrest due to
propionaldehyde toxicity and an increased
growth rate at limiting vitamin B12
concentrations. These studies suggest the impor-
tance of PduA protein in the integrity and func-
tion of the Pdu-MCPs (Cheng et al. 2011;
Havemann et al. 2002; Sinha et al. 2014).

23.3.2 PduB/PduB'

Close to one-half of the Pdu shell is made up of
PduB (28%) and PduB’ (25%). These two
proteins are formed by a pair of overlapping
genes pduB/B’ in the pdu operon with their start
sites 111 base pairs apart, resulting in extra
37 amino acids at the N-terminal of PduB’. The
role of this extra 37 amino acid is still unclear. It
has been suggested by Lehman et al. that these
37 amino acids play a role in the association of the
shell with the internal enzyme cluster (Lehman
et al. 2017). The PduB/B' proteins have tandem

Fig. 23.2 Crystal structure of PduA (PDB ID-3NGK)
showing interactions of adjacent hexamers to form an
extended two-dimensional molecular sheet. The mutation

K26A (PDB ID-4PPD) disrupts these edge-to-edge
interactions, preventing the formation of an extended sheet

23 The Wrappers of the 1,2-Propanediol Utilization Bacterial Microcompartments 337



BMC domains, and the biological assembly is a
trimer containing six BMC domains. These olig-
omeric assemblies in the shell proteins are known
as pseudohexamers. Our understanding of the
PduB is based on the crystal structure of PduB
from Lactobacillus reuteri, which is the only
solved crystal structure (PDB ID-4FAY) of the
protein so far (Pang et al. 2012). PduB protein is
related to those BMC domain proteins that have a
gated pore like the EutL protein or the CsoS1D in
Eut-MCP and α-carboxysome, respectively
(Klein et al. 2009; Sagermann et al. 2009;
Takenoya et al. 2010). Both the EutL and
CsoS1D proteins display two conformations in
the crystal structures: open central pore and
closed central pore which implicates crucial
roles of these tandem BMC repeats in gated trans-
port of materials in and out of the MCPs. The
domain duplication allows greater flexibility
involved in the dynamics of pore activity. The
crystal structure of PduB from L. reuteri, how-
ever, shows only a closed pore, and each unit of
the trimer binds to one molecule of glycerol
suggesting an involvement in substrate transport.
PduB from the Lactobacillus reuteri also forms
extended two-dimensional sheets in crystals,
though the intersheet contact is reported to be
out of plane, indicating a lower stability.
Modelling studies have confirmed that PduB and
PduA form mixed sheets where the edges
completely align suggesting better packing of
the proteins as expected in the physiological
shell. Salmonella strains with deleted pduB
genes from the pdu operon are unable to form
the MCPs. Interestingly, the electron micrographs
of pduB-deleted Salmonella cells show protein
deposits without the presence of polyhedral
MCPs. This suggests that in the absence of the
PduB/B' proteins, the shell cannot be formed, and
enzyme clusters with fragments of the shell
remain as protein inclusions inside the cell.
These deletion mutants also show the phenotype
of porous shell with aldehyde toxicity and
retarded growth, indicating a nonfunctional
shell. A recent study shows that N-terminal
37 amino acids of the PduB shell protein are
crucial in binding the central enzyme core to the

shell and provide insights into the sidedness
(Lehman et al. 2017).

23.3.3 PduJ

PduJ protein covers close to 22% of the Pdu shell
and shares greater than 80% sequence identity
with PduA protein. The crystal structures of
PduA and PduJ overlap with same pore-lining
and edge contact residues. Interestingly, however,
it has been demonstrated that PduJ has no role in
the transport of 1,2-PD across the shell. By ele-
gant gene replacement studies in the chromosome
locus, Choudhury et al. have shown that when
pduA is replaced by pduJ, the latter acquires the
function of the former (Chowdhury et al. 2016).
These studies suggest that the locus of the gene on
the pdu operon decides the function of the gene
under question. This study is one of the first
studies in the field that relates the function of a
gene with its location. The pduJ deletion in the
MCPs leads to the formation of elongated MCPs
in contrast to the porous MCPs in case of pduA
deletion. The elongated MCP advocates have
faulty closure of faces of the MCP polyhedra,
and hence it is hypothesized that PduJ forms the
edges that join the facets of the Pdu-MCPs. How-
ever, studies on the effect of the replacement of
the pduJ gene by pduA gene on the joining of
facets of Pdu-MCPs have not yet been reported.

23.3.4 PduK

PduK is an interesting shell protein with an
N-terminal (~90 amino acids) consisting of the
MCP domain fold and a C-terminal (~70 amino
acids) of unknown function. This protein is
known to bind iron (Cheng et al. 2011). The
C-terminal has a Fe–S-binding motif (residues
130–152) which suggests that this protein might
be involved in some redox or electron transfer
reactions at the Pdu-MCP surface (Crowley
et al. 2010). However, there are no experimental
evidences to support this hypothesis. Unlike the
pduB/B’ deletion which leads to a nonfunctional
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strain, the pduK deletion leads to a functionally
active MCP with an aggregated morphology
(Cheng et al. 2011). Based on these observations,
it has been inferred that PduK is involved in the
segregation of MCPs in vivo especially during
cell division. However, more experimental
evidences are required to strengthen this
hypothesis.

23.3.5 PduT

The PduT has two interesting characteristics: it is
a pseudohexameric protein consisting of 184-res-
idue-long tandem domains of the canonical (i.e.,
non-permuted) variety of the α/β BMC fold
connected by a short linker sequence. The first
domain is made up of residues 1–88, while the
second domain comprises of residues 94–184
(Pang et al. 2011). The two tandem domains of
PduT although conform closely to the canonical
BMC fold and align with each other with
RMSD ¼ 1.14, their sequences are only 24%
identical to each other. PduT forms only 3% of
the entire shell, and unlike the other shell
proteins, it does not form an extended sheet as
observed in the crystal structures. Another inter-
esting feature of the PduT protein is the presence
of 4[Fe–S] cluster at the central pore (Crowley
et al. 2010). The other proteins in the Pdu-MCP
having the [Fe–S] centers are PduS and PduK
(Chowdhury et al. 2014). EPR studies on a
PduT homologue from C. freundii have con-
firmed the presence of a [4Fe–4S] cluster. The
pore region of PduT has three cysteine residues
C38, one from each subunit. The [4Fe–4S] cluster
has an essentially cubic structure, and the
modeled placement of the cluster orients it with
its cubic body diagonal along the threefold axis of
symmetry down the center of the pore in the PduT
trimer. The metal cluster and its three cysteine
ligands obey this symmetry. In addition, the
[4Fe–4S] cluster calls for a fourth S-ligand to an
iron atom lying on the threefold symmetry. This
fourth S-atom in the 4[Fe–S] center has not yet
been identified. The[4Fe–4S] cluster in PduT is
reported to be accessible from both the luminal
and the cytoplasmic side of the MCP and suggests

a possible role in assisting redox chemistry. In the
crystal structure of PduT, C-108 and C-136 are
located close enough to form a disulfide bond.
However the side chains are positioned in such a
way that the disulfide bond is not formed. It is
suggested that the formation of this disulfide bond
due to rotamer conformational changes might be
resulting in a redox-sensitive change in the pore
properties. These cysteine positions are
conserved in a sequence alignment of PduT
homologues, while they are absent in other Pdu
shell proteins. As of now the role of redox cou-
pling in the Pdu-MCP function is not obvious;
however, meticulous studies on the structure-
activity relationship of PduT might suggest cru-
cial phenomenon. Mutations in PduT have been
reported to marginally weaken the growth of Sal-
monella on 1,2-PD and do not significantly affect
MCP structure or function. All these taken
together suggest that PduT might be important
for Salmonella under different physiochemical
conditions. Like PduB, PduT is also a protein
with tandem BMC domains; however, unlike
PduB, PduT does not form extended sheets in
crystal structures (Crowley et al. 2010).

23.3.6 PduU

PduU is a minor component of the Pdu shell. This
hexameric protein displays a circularly permuted
BMC domain fold and fails to form hexagonal
layers in crystal structures. PduU forms the
blocked pore, bendable type of the shell protein
(Crowley et al. 2008) and bears structural similar-
ity with the EutS protein of the Eut-MCP (Tanaka
et al. 2010). On the convex side of the central
pore, PduU is capped by a parallel six-stranded
β-barrel structure which is composed of one
β-sheet from each of the monomers. Due to the
presence of the β-barrel, the central pore of PduU
is predicted to be not involved in any transport
mechanism. However, Jorda et al. (2015) have
shown that PduV, a Pdu enzyme with unknown
function, binds to this β-barrel structure of PduU
through its N-terminal region. This binding inter-
action might play a role in targeting PduV to
Pdu-MCPs (Jorda et al. 2015). The concave face
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of PduU has a deep cavity lined by several hydro-
phobic residues. These residues are suggested to
interact with luminal proteins, though it is not
certain if this side of the PduU protein faces the
lumen of the Pdu-MCP.

23.3.7 PduN

PduN is a bacterial microcompartment vertex
protein which is a pentamer, and the closest
analogues are the CcmL protein in carboxysomes,
the EutN protein in the Eut-MCPs, or the GrpN
protein in Grp-MCP (Wheatley et al. 2013).
These vertex proteins form the vertices of the
MCPs and help to form a closed polyhedral struc-
ture. PduN is the least abundant protein in the
Pdu-MCP and is detected only by Western blot-
ting or in vivo fluorescent tagging. This less
abundance of PduN is expected, as a perfect
icosahedra will have only 12 vertices. It has
been reported that the copy numbers of the vertex
proteins in a MCP is ~60 which is very less as
compared to a few thousand copies of flat facet
proteins. Although less abundant, PduN plays a
crucial role in delivering the closed structure of
the MCPs, and the deletion of pduN gene results
in the formation of totally abnormal Pdu-MCPs
with completely altered functions during growth
on 1,2-PD (Cheng et al. 2011). This observation
holds true for related vertex proteins in the
β-carboxysomes as well (Cai et al. 2009).

23.3.8 PduM

PduM is the only shell protein that is devoid of a
BMC or a BMV domain and yet is crucial for the
assembly of the Pdu-MCPs. This protein does not
have any analogue in the carboxysome of the
Eut-MCP system. It is a 163-amino acid-long
protein of unknown function, the deletion of
which leads to the formation of abnormal non-
functional Pdu-MCPs. Electron micrographs
demonstrate abnormal protein aggregates in a
pduM-deleted Salmonella strain, while biochemi-
cal assays suggest a nonfunctional MCP with

phenotype of propionaldehyde toxicity (Sinha
et al. 2012).

23.4 Interactions Between Pdu Shell
Proteins and Core Enzymes

The Pdu-MCPs encapsulate at least five different
enzymes inside the lumen (PduCDE, PduP,
PduO, PduGH, and PduS) (Crowley et al. 2008;
Sinha et al. 2012). The last decade has shed a lot
of light on the underlying principles for the self-
assembly of MCPs especially on how the
enzymes are encapsulated inside the protein
shell. The role of N-terminal extensions or the
encapsulation peptides of the core enzymes has
been shown to be very significant in this regard
(Aussignargues et al. 2015). For the Pdu-MCP,
the first report demonstrated that the N-terminal
of PduP (propionaldehyde dehydrogenase) pro-
tein is crucial for its encapsulation within the
MCP. The N-terminal extension of PduP when
tagged to heterologous proteins such as green
fluorescent protein (GFP) resulted in their suc-
cessful entrapment within Pdu microcompartment
(Fan et al. 2010). Scanning mutagenesis studies
have revealed that the residues E7, I10, and L14
in the N-terminal of PduP are essential for the
encapsulation of PduP. Further, in silico
modelling has shown that the N-terminal of
PduP interacts with the C-terminal of PduA, a
shell protein (Fan et al. 2012). In another study,
it has been shown that the first 18 amino acids in
the N-terminal of the medium subunit (PduD) are
necessary and sufficient for the encapsulation of
PduCDE (diol dehydratase) complex
(Chowdhury et al. 2014). Impaired encapsulation
of this enzyme has been observed upon deletion
of N-terminal extension of PduD subunit (Fan
and Bobik 2011). However, specific binding
interaction between PduCDE and any of the
shell proteins needs more experimental
evidences.

Beside molecular biology approach, computa-
tional and bioinformatics approaches have
enabled us to look into the depth of the protein
assembly in microcompartments. Computational
modelling has predicted various interactions
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between shell proteins and core enzymes of Pdu
microcompartment. The Pdu interactome model
prepared using coevolution-based methods
suggests that the shell protein PduA acts as a
“universal hub” for directing the core enzymes
PduC, PduD, PduE, PduL, and PduP into the
microcompartment. These enzymes have
N-terminal extensions which bind to a cleft on
the concave face of PduA hexamer (Jorda et al.
2015). Three important predictions have been
made in this model that needs to be analyzed
carefully. First, the enzyme PduP binds to only
two of the shell proteins, namely, PduA and PduJ.
This has been confirmed earlier by the co-elution
experiments conducted by Fan and co-workers,
where only PduA and PduJ co-eluted with
His-tagged PduP (Fan et al. 2012). Second, all
the three subunits of PduCDE diol dehydratase
binds to PduA hexamer through their N-terminal
extensions. This explains the impaired encapsula-
tion of PduCDE within the microcompartment
upon deletion of N-terminal of PduD subunit
(Fan and Bobik 2011). However, it has also
been observed that the chromosomal deletion of
PduA or PduJ has no effect on the diol
dehydratase activity of the purified microcom-
partments (Sinha et al. 2014), which suggests an
association of PduCDE with the Pdu microcom-
partment even in the absence of PduA or PduJ.
This can be explained by the fact that PduA is
80% identical to PduJ in terms of amino acid
sequence (Crowley et al. 2010). It is plausible
that the void created by the deletion of PduA is
taken up by architecturally similar PduJ; but there
is a lack of evidence in this regard. Also, deletion
of PduJ results in the formation of an impaired
and elongated microcompartment (Cheng et al.
2011), and therefore, increased diol dehydratase
activity of purified microcompartments in case of
chromosomal deletion of PduJ must be studied in
this context. Third, the shell protein PduB doesn’t
bind to any of the core enzymes. This is indeed
thought-provoking, as a recent study has shown
the importance of N-terminal of PduB' in binding
shell protein to the core enzymes. Substituting
isoleucine with a hydrophilic amino acid, threo-
nine (IΔT ), at the tenth position in the N-terminal

of PduB' has a deleterious effect on the encapsu-
lation of core enzymes, including PduCDE and
PduP (Lehman et al. 2017). This severe depletion
in the concentration of core enzyme within
microcompartments in IΔT mutants indicates the
importance of hydrophobic residue isoleucine in
core–shell interaction. It can be hypothesized that
the shell protein PduB' has no specific interaction
with any of the core enzymes but has an overall
global impact in retaining the core enzymes
within Pdu microcompartment through hydro-
phobic interactions. This hypothesis is based on
the fact that PduB and PduB' constitute 50% of
the Pdu shell proteins (Havemann and Bobik
2003). Therefore, deletion of isoleucine at the
tenth residue of PduB' may critically reduce the
hydrophobic environment within the microcom-
partment as PduB accounts for almost 50% of the
shell. This may result in a diminished retention of
core enzymes within the microcompartment.
However, experimental evidences are needed to
support this hypothesis. Although it appears that
the encapsulation strategies for the enzymes
inside the Pdu-MCPs follow a common mecha-
nism, apart from PduCDE and PduP, there are no
reports on the encapsulation of other enzymes
like PduG, PduH, PduO, PduS, and PduQ. An
interesting area of exploration would be identifi-
cation of the interacting shell protein-enzyme
pair. This would lead to a better understanding
of the packaging principles of the megadalton-
sized MCPs.

23.5 Conclusions and Perspectives

The literature till date has a virtuous amount of
information regarding the overall shape, size, and
structure of the bacterial microcompartments.
Genetic and biochemical studies on the
Pdu-MCPs have enhanced our understanding
regarding the interaction of the shell proteins
and internal enzyme clusters. However, these
understandings can be reinforced using
co-crystallization experiments with the shell
proteins and the enzymes. Further, in vitro bind-
ing studies between the shell proteins and the
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enzymes will shed light on the intensity and
dynamics of these interactions. Strategies to
mimic the in vivo shell protein assemblies
in vitro also require some attention. At present
only one substrate-shell protein pair
(1,2-propanediol-PduA) has been identified for
the Pdu-MCPs. The entry routes for vitamin
B12 and other chemicals like NADH and ATP
still remain unexplored. Computational studies
with respect to modelling and docking the shell
protein and cofactors may provide useful insights
into the structure-function activity of the individ-
ual shell proteins. With respect to translational
approaches, these genre of organelles have a
vast prospective to be applied as nanoreactors
for biofuel or pharmaceuticals production or as
containers for storage of useful biomaterials once
the evolution, transport, and dynamics are com-
prehensively demonstrated.

References

Aussignargues C, Paasch BC, Gonzalez-Esquer R,
Erbilgin O, Kerfeld CA (2015) Bacterial microcom-
partment assembly: the key role of encapsulation
peptides. Commun Integr Biol 8:e1039755

Axen SD, Erbilgin O, Kerfeld CA (2014) A taxonomy of
bacterial microcompartment loci constructed by a
novel scoring method. PLoS Comput Biol 10:
e1003898

Badía J, Ros J, Aguilar J (1985) Fermentation mechanism
of fucose and rhamnose in Salmonella typhimurium
and Klebsiella pneumoniae. J Bacteriol 161:435–437

Baldoma L, Aguilar J (1988) Metabolism of L-fucose and
L-rhamnose in Escherichia coli: aerobic-anaerobic reg-
ulation of L-lactaldehyde dissimilation. J Bacteriol
170:416–421

Beeby M, Bobik TA, Yeates TO (2009) Exploiting geno-
mic patterns to discover new supramolecular protein
assemblies. Protein Sci 18:69–79. https://doi.org/10.
1002/pro.1

Bobik TA (2006) Polyhedral organelles compartmenting
bacterial metabolic processes. Appl Microbiol
Biotechnol 70:517–525. https://doi.org/10.1007/
s00253-005-0295-0

Cai F, Menon BB, Cannon GC, Curry KJ, Shively JM,
Heinhorst S (2009) The pentameric vertex proteins are
necessary for the icosahedral carboxysome shell to
function as a CO2 leakage barrier. PLoS One 4:e7521

Cannon GC, Bradburne CE, Aldrich HC, Baker SH,
Heinhorst S, Shively JM (2001) Microcompartments
in prokaryotes: carboxysomes and related polyhedra.
Appl Environ Microbiol 67:5351–5361

Chen P, Andersson DI, Roth JR (1994) The control region
of the pdu/cob regulon in Salmonella typhimurium. J
Bacteriol 176:5474–5482

Chen AH, Robinson-Mosher A, Savage DF, Silver PA,
Polka JK (2013) The bacterial carbon-fixing organelle
is formed by shell envelopment of preassembled cargo.
PLoS One 8:e76127

Cheng S, Liu Y, Crowley CS, Yeates TO, Bobik TA
(2008) Bacterial microcompartments: their properties
and paradoxes. BioEssays 30:1084–1095

Cheng S, Sinha S, Fan C, Liu Y, Bobik TA (2011) Genetic
analysis of the protein shell of the microcompartments
involved in coenzyme B12-dependent 1,2-propanediol
degradation by Salmonella. J Bacteriol 193:1385–1392

Chowdhury C, Sinha S, Chun S, Yeates TO, Bobik TA
(2014) Diverse bacterial microcompartment
organelles. Microbiol Mol Biol Rev 78:438–468

Chowdhury C, Chun S, Pang A, Sawaya MR, Sinha S,
Yeates TO, Bobik TA (2015) Selective molecular
transport through the protein shell of a bacterial
microcompartment organelle. Proc Natl Acad Sci U S
A 112:2990–2995. https://doi.org/10.1111/mmi.13423

Chowdhury C, Chun S, Sawaya MR, Yeates TO, Bobik
TA (2016) The function of the PduJ microcom-
partment shell protein is determined by the genomic
position of its encoding gene. Mol Microbiol
101:770–783. https://doi.org/10.1128/jb.00785-16

Crowley CS, Sawaya MR, Bobik TA, Yeates TO (2008)
Structure of the PduU shell protein from the Pdu
microcompartment of Salmonella. Structure
16:1324–1332

Crowley CS, Cascio D, Sawaya MR, Kopstein JS, Bobik
TA, Yeates TO (2010) Structural insight into the
mechanisms of transport across the Salmonella enterica
Pdu microcompartment shell. J Biol Chem
285:37838–37846

Dou Z, Heinhorst S, Williams EB, Murin CD, Shively JM,
Cannon GC (2008) CO2 fixation kinetics of Halothio-
bacillus neapolitanus mutant carboxysomes lacking
carbonic anhydrase suggest the shell acts as a diffu-
sional barrier for CO2. J Biol Chem 283:10377–10384.
https://doi.org/10.1074/jbc.M709285200

Fan C, Bobik TA (2011) The N-terminal region of the
medium subunit (PduD) packages adenosylcobalamin-
dependent diol dehydratase (PduCDE) into the Pdu
microcompartment. J Bacteriol 193:5623–5628

Fan C et al (2010) Short N-terminal sequences package
proteins into bacterial microcompartments. Proc Natl
Acad Sci 107:7509–7514

Fan C, Cheng S, Sinha S, Bobik TA (2012) Interactions
between the termini of lumen enzymes and shell
proteins mediate enzyme encapsulation into bacterial

342 N. K. Bari et al.

https://doi.org/10.1002/pro.1
https://doi.org/10.1002/pro.1
https://doi.org/10.1007/s00253-005-0295-0
https://doi.org/10.1007/s00253-005-0295-0
https://doi.org/10.1111/mmi.13423
https://doi.org/10.1128/jb.00785-16
https://doi.org/10.1074/jbc.M709285200


microcompartments. Proc Natl Acad Sci
109:14995–15000

Farah Abdul-Rahman EP, Jeffrey LB (2013) The distribu-
tion of polyhedral bacterial microcompartments
suggests frequent horizontal transfer and operon reas-
sembly. J Phylogenet Evol Biol 1:1–7. https://doi.org/
10.4172/2329-9002.1000118

Faulkner M et al (2017) Direct characterization of the
native structure and mechanics of cyanobacterial
carboxysomes. Nanoscale 9:10662–10673. https://doi.
org/10.1039/c7nr02524f

Drews G, Niklowitz W (1956) Beiträge zur Cytologie der
Blaualgen. II. Zentroplasma und granulare Einschlüsse
von Phormidium uncinatum. Arch Mikrobiol 24
(2):147–162

Havemann GD, Bobik TA (2003) Protein content of poly-
hedral organelles involved in coenzyme
B12-dependent degradation of 1,2-propanediol in Sal-
monella enterica serovar typhimurium LT2. J Bacteriol
185:5086–5095

Havemann GD, Sampson EM, Bobik TA (2002) PduA is a
shell protein of polyhedral organelles involved in coen-
zyme B(12)-dependent degradation of 1,2-propanediol
in Salmonella enterica serovar typhimurium LT2. J
Bacteriol 184:1253–1261

Jorda J, Lopez D, Wheatley NM, Yeates TO (2013) Using
comparative genomics to uncover new kinds of
protein-based metabolic organelles in bacteria. Protein
Sci 22:179–195. https://doi.org/10.1002/pro.2196

Jorda J, Liu Y, Bobik TA, Yeates TO (2015) Exploring
bacterial organelle interactomes: a model of the
protein-protein interaction network in the Pdu
microcompartment. PLoS Comput Biol 11:e1004067

Kerfeld CA, Sawaya MR, Tanaka S, Nguyen CV,
Phillips M, Beeby M, Yeates TO (2005) Protein
structures forming the shell of primitive bacterial
organelles. Science 309:936–938. https://doi.org/10.
1126/science.1113397

Kerfeld CA, Heinhorst S, Cannon GC (2010) Annu Rev
Microbiol 64:391–408. https://doi.org/10.1146/
annurev.micro.112408.134211

Klein MG et al (2009) Identification and structural analysis
of a novel carboxysome shell protein with implications
for metabolite transport. J Mol Biol 392:319–333.
https://doi.org/10.1016/j.jmb.2009.03.056

Lehman BP, Chowdhury C, Bobik TA (2017) The N
terminus of the PduB protein binds the protein shell
of the Pdu microcompartment to its enzymatic core. J
Bacteriol 199:e00785–e00716

Pang A, Warren MJ, Pickersgill RW (2011) Structure of
PduT, a trimeric bacterial microcompartment protein
with a 4Fe–4S cluster-binding site. Acta Crystallogr D
Biol Crystallogr 67:91–96

Pang A, Liang M, Prentice MB, Pickersgill RW (2012)
Substrate channels revealed in the trimeric lactobacil-
lus reuteri bacterial microcompartment shell protein

PduB. Acta Crystallogr D Biol Crystallogr
68:1642–1652. https://doi.org/10.1107/
s0907444912039315

Pang A, Frank S, Brown I, Warren MJ, Pickersgill RW
(2014) Structural insights into higher order assembly
and function of the bacterial microcompartment protein
PduA. J Biol Chem 289:22377–22384. https://doi.org/
10.1074/jbc.M114.569285

Park J, Chun S, Bobik TA, Houk KN, Yeates TO (2017)
Molecular dynamics simulations of selective metabo-
lite transport across the propanediol bacterial
microcompartment shell. J Phys Chem B
121:8149–8154. https://doi.org/10.1021/acs.jpcb.
7b07232

Penrod JT, Roth JR (2006) Conserving a volatile metabo-
lite: a role for carboxysome-like organelles in Salmo-
nella enterica. J Bacteriol 188:2865–2874. https://doi.
org/10.1128/JB.188.8.2865-2874.2006

Price GD, Badger MR (1989) Expression of human car-
bonic anhydrase in the cyanobacterium Synechococcus
PCC7942 creates a high CO(2)-requiring phenotype :
evidence for a central role for Carboxysomes in the CO
(2) concentrating mechanism. Plant Physiol
91:505–513

Price GD, Badger MR, Woodger FJ, Long BM (2008)
Advances in understanding the cyanobacterial
CO2-concentrating-mechanism (CCM): functional
components, ci transporters, diversity, genetic regula-
tion and prospects for engineering into plants. J Exp
Bot 59:1441–1461. https://doi.org/10.1093/jxb/
erm112

Rae BD, Long BM, Badger MR, Price GD (2013)
Functions, compositions, and evolution of the two
types of carboxysomes: polyhedral microcom-
partments that facilitate CO2 fixation in cyanobacteria
and some proteobacteria. Microbiol Mol Biol Rev
77:357–379

Rondon MR, Horswill AR, Escalante-Semerena JC (1995)
DNA polymerase I function is required for the utiliza-
tion of ethanolamine, 1,2-propanediol, and propionate
by Salmonella typhimurium LT2. J Bacteriol
177:7119–7124

Sagermann M, Ohtaki A, Nikolakakis K (2009) Crystal
structure of the EutL shell protein of the ethanolamine
ammonia lyase microcompartment. Proc Natl Acad Sci
U S A 106:8883–8887

Shively JM, Ball F, Brown DH, Saunders RE (1973a)
Functional organelles in prokaryotes: polyhedral
inclusions (carboxysomes) of Thiobacillus
neapolitanus. Science 182:584–586

Shively JM, Ball FL, Kline BW (1973b) Electron micros-
copy of the carboxysomes (polyhedral bodies) of
Thiobacillus neapolitanus. J Bacteriol 116:1405–1411

Sinha S, Cheng S, Fan C, Bobik TA (2012) The PduM
protein is a structural component of the microcom-
partments involved in coenzyme B(12)-dependent

23 The Wrappers of the 1,2-Propanediol Utilization Bacterial Microcompartments 343

https://doi.org/10.4172/2329-9002.1000118
https://doi.org/10.4172/2329-9002.1000118
https://doi.org/10.1039/c7nr02524f
https://doi.org/10.1039/c7nr02524f
https://doi.org/10.1002/pro.2196
https://doi.org/10.1126/science.1113397
https://doi.org/10.1126/science.1113397
https://doi.org/10.1146/annurev.micro.112408.134211
https://doi.org/10.1146/annurev.micro.112408.134211
https://doi.org/10.1016/j.jmb.2009.03.056
https://doi.org/10.1107/s0907444912039315
https://doi.org/10.1107/s0907444912039315
https://doi.org/10.1074/jbc.M114.569285
https://doi.org/10.1074/jbc.M114.569285
https://doi.org/10.1021/acs.jpcb.7b07232
https://doi.org/10.1021/acs.jpcb.7b07232
https://doi.org/10.1128/JB.188.8.2865-2874.2006
https://doi.org/10.1128/JB.188.8.2865-2874.2006
https://doi.org/10.1093/jxb/erm112
https://doi.org/10.1093/jxb/erm112


1,2-propanediol degradation by Salmonella enterica. J
Bacteriol 194:1912–1918

Sinha S, Cheng S, Sung YW, McNamara DE, Sawaya
MR, Yeates TO, Bobik TA (2014) Alanine scanning
mutagenesis identifies an asparagine–arginine–lysine
triad essential to assembly of the shell of the Pdu
microcompartment. J Mol Biol 426:2328–2345

Sutter M, Greber B, Aussignargues C, Kerfeld CA (2017)
Assembly principles and structure of a 6.5-MDa bacte-
rial microcompartment shell. Science 356:1293–1297.
https://doi.org/10.1126/science.aan3289

Takenoya M, Nikolakakis K, Sagermann M (2010) Crys-
tallographic insights into the pore structures and
mechanisms of the EutL and EutM shell proteins of
the ethanolamine-utilizing microcompartment of
Escherichia coli. J Bacteriol 192:6056–6063

Tanaka S, Sawaya MR, Phillips M, Yeates TO (2009)
Insights from multiple structures of the shell proteins
from the beta-carboxysome. Protein Sci 18:108–120

Tanaka S, Sawaya MR, Yeates TO (2010) Structure and
mechanisms of a protein-based organelle in. E coli Sci
327:81–84. https://doi.org/10.1126/science.1179513

Thiennimitr P et al (2011) Intestinal inflammation allows
Salmonella to use ethanolamine to compete with the
microbiota. Proc Natl Acad Sci U S A
108:17480–17485

Wheatley NM, Gidaniyan SD, Liu Y, Cascio D, Yeates
TO (2013) Bacterial microcompartment shells of
diverse functional types possess pentameric vertex
proteins. Protein Sci 22:660–665

Winter SE, Baumler AJ (2011) A breathtaking feat: to
compete with the gut microbiota, Salmonella drives
its host to provide a respiratory electron acceptor. Gut
Microbes 2:58–60

Winter SE et al (2010) Gut inflammation provides a respi-
ratory electron acceptor for Salmonella. Nature
467:426–429

Yeates TO, Thompson MC, Bobik TA (2011) The protein
shells of bacterial microcompartment organelles. Curr
Opin Struct Biol 21:223–231. https://doi.org/10.1016/
j.sbi.2011.01.006

Yeates TO, Jorda J, Bobik TA (2013) The shells of
BMC-type microcompartment organelles in bacteria.
J Mol Microbiol Biotechnol 23:290–299. https://doi.
org/10.1159/000351347

344 N. K. Bari et al.

https://doi.org/10.1126/science.aan3289
https://doi.org/10.1126/science.1179513
https://doi.org/10.1016/j.sbi.2011.01.006
https://doi.org/10.1016/j.sbi.2011.01.006
https://doi.org/10.1159/000351347
https://doi.org/10.1159/000351347


F-type Lectin Domains: Provenance,
Prevalence, Properties, Peculiarities,
and Potential

24

Sonal Mahajan and T. N. C. Ramya

Abstract

F-type lectins are phylogenetically widespread
albeit selectively distributed lectins with an L-
fucose-binding sequence motif and an F-type
lectin fold. Several F-type lectins from fishes
have been extensively studied, and structural
information is available for F-type lectin
domains from fish and bacterial proteins.
F-type lectins have been demonstrated to be
involved in self�/nonself-recognition and
therefore have an important role in pathogen
defense in many metazoan animals. F-type
lectin domains also have been implicated in
functions related to fertilization, protoplast
regeneration, and bacterial virulence. We
have recently analyzed and reported the taxo-
nomic spread, phylogenetic distribution, archi-
tectural contexts, and sequence characteristics
of prokaryotic and eukaryotic F-type lectin
domains. Interestingly, while eukaryotic
F-type lectin domains were frequently present
as stand-alone domains, bacterial F-type lectin
domains were mostly found co-occurring with
enzymatic or nonenzymatic domains in
diverse domain architectures, suggesting that
the F-type lectin domain might be involved in
targeting enzyme activities or directing other
biological functions to distinct glycosylated

niches in bacteria. We and others have probed
the fine oligosaccharide-binding specificity of
several F-type lectin domains. The currently
available wealth of sequence, structural, and
biochemical information about F-type lectin
domains provides opportunities for the gener-
ation of designer lectins with improved bind-
ing strength and altered binding specificities.
We discuss the prevalence, provenance,
properties, peculiarities, and potential of
F-type lectin domains for future applications
in this review.

Keywords

F-type lectin domain · L-fucose · Motif ·
Domain architectures · Structural features

24.1 Introduction to the F-type
Lectin Domain

The F-type lectin domain (FLD) is a fairly short,
~140 residue domain containing a conserved L-
fucose-binding sequence motif, HX(26)RXDX(4)
R/K (where X refers to any residue), and a
calcium-binding motif, h2DGx (where h refers to
a small hydrophobic residue such as Val, Ala, or
Ile and x refers to a small hydrophilic residue such
as Asn, Asp, or Ser) (Vasta et al. 2008). Several
eukaryotic F-type lectins have been well studied
biochemically and structurally. Among them is
the European eel lectin, Anguilla anguilla
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agglutinin (AAA), which is well known for its use
in blood typing (Baldus et al. 1996). F-type lectins
from several other animals have also been bio-
chemically characterized (Bianchet et al. 2010;
Cammarata et al. 2001, 2007; Fleming et al.
2009; Cassels et al. 1994; Saito et al. 1997).
Besides these animal lectins, biochemical studies
have also been conducted on Bryohealin, an
F-type lectin from the marine alga, Bryopsis
plumosa (Kim et al. 2006), and researchers includ-
ing us have studied the saccharide-binding prop-
erty of FLDs from microbial proteins (Farrand
et al. 2008; Feil et al. 2012; Mahajan et al. 2017).

F-type lectins from fishes have an important
role as molecular pattern receptors, recognizing
glycan epitopes on the surface of pathogens and
facilitating opsonization (Vasta et al. 2017). Con-
cordant with their role in innate immunity, fish
F-type lectins are expressed in the liver as well as
in the gills and intestine, organs that are exposed
to the outer environment, and the expression level
of F-type lectins in certain fishes is increased
upon pathogen or LPS challenge (Vasta et al.
2017; Salerno et al. 2009; Odom and Vasta
2006; Honda et al. 2000). F-type lectins from
sea bass, Dicentrarchus labrax, and gilt head,
Sparus aurata, have been demonstrated to
opsonize Escherichia coli; exposure of formalin-
killed E. coli to these fucolectins enhanced their
phagocytosis by peritoneal macrophages when
compared to unexposed controls (Cammarata
et al. 2012; Salerno et al. 2009). The F-type lectin
from rock bream, Oplegnathus fasciatus, has
been shown to limit infection by viral hemor-
rhagic septicemia virus (Cho et al. 2014). The
multivalent nature of the F-type lectin (as in
AAA) and the opposite arrangement of tandem
domains (as in Morone saxatilis agglutinin,
MsaFBP32) facilitate binding to glycans on the
microbial surface with high avidity and cross-
linking of nonself and self glycans on microbial
and host phagocytic cells, respectively (Odom
and Vasta 2006; Vasta et al. 2017).

The highly diversified repertoire of FLDs in
the sperm bindin proteins of the Pacific oyster,
Crassostrea gigas, plays a role in prevention of
polyspermy during fertilization (Springer et al.
2008), and an F-type lectin in the pearl oyster,

Pinctada martensii, has been demonstrated to
protect against infectious challenge by the patho-
gen, Vibrio alginolyticus (Chen et al. 2011). The
horseshoe crab lectin, tachylectin-4, also plays a
role in the recognition of Gram-negative bacteria
by recognizing S-type lipopolysaccharides
through O-antigens (Saito et al. 1997).

Bryohealin, an F-type lectin from the green
alga, Bryopsis plumosa, is involved in agglutina-
tion of subcellular organelles – an essential step in
protoplast formation and regeneration of new liv-
ing cells (Kim et al. 2006; Yoon et al. 2008). The
bacterial F-type lectin domain in Streptococcus
mitis lectinolysin has been demonstrated to have a
role in virulence. It enables recognition of and
adhesion to difucosylated glycans on host
platelets and the subsequent disruption of the
host cell membrane via the action of its
co-associated domain, a cholesterol-dependent
cytolysin domain. Although the functions of
many other biochemically characterized FLDs
are unknown, possible functions have been
inferred from their biochemical properties and/or
tissue expression data. For instance, the FLD in
the furrowed gene of Drosophila is thought to
play a role in cell adhesion (Odom and Vasta
2006; Vasta et al. 2017); the FLD in the purple
sea urchin, Strongylocentrotus purpuratus, might
have a function in complement regulation
(Multerer and Smith 2004); the FLDs in Strepto-
coccus pneumoniae SP2159 might have a role in
virulence (Boraston et al. 2006); and F-type
lectins in the tungara frog (Engystomops
pustulosus), common periwinkle (Littorina
littorea), and blunt-gaper clam (Mya truncata)
are thought to have a role in innate immune
defense against pathogens (Fleming et al. 2009;
Arivalagan et al. 2016; Gorbushin and Borisova
2015; Vasta et al. 2017).

In this mini-review, we will summarize the
existing knowledge about the taxonomic spread,
architectural contexts, sequence characteristics,
and saccharide-binding specificity of biochemi-
cally characterized FLDs and deliberate the pos-
sible potential of FLD sequence diversity,
structure, and function on glycobiology
applications.
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24.2 Prevalence of FLDs in Various
Life Forms

FLDs are taxonomically widespread, occurring in
viruses, prokaryotes, and eukaryotes (Bishnoi
et al. 2015). However, their distribution is very
selective in all these life forms. Figure 24.1 shows
the distribution of FLDs in the tree of life.

Among viruses, FLDs occur only in a family
of dsDNA viruses called Phycodnaviridae; in the
viruses Emiliania huxleyi virus 203 and
Ostreococcus tauri virus strains 1, 2, and OsV5;
and in Ostreococcus lucimarinus virus strains
Olv1, Olv3, and Olv6 (Bishnoi et al. 2015). The
hosts of these viruses are freshwater and marine
algae, which also have FLDs, and it is likely that
the prevalence of viral FLDs is due to lateral
transfer from these algal hosts (Bishnoi et al.
2015). Indeed, phylogenetic analysis indicating
clustering of the viral FLDs not only with those
of algae, Thalassiosira oceanica, Volvox carteri
f. nagariensis, and Chlorella variabilis but also
with those of bivalve mollusks, Crassostrea spp.,
and Mytilus edulis, which are filter feeders that
take up microalgae (together with their associated
viruses), hints at possible lateral transfer events
between mollusk, algal, and viral FLDs (Bishnoi
et al. 2015; Vasta et al. 2017).

Among prokaryotes, FLDs do not occur in
Archaea but are found in a few eubacterial phyla
– Acidobacteria, Actinobacteria, Bacteroidetes,
Cyanobacteria, Firmicutes, Planctomycetes,
Proteobacteria, and Verrucomicrobia (Bishnoi
et al. 2015). The selective distribution of FLDs is
again apparent from their patchy pattern of occur-
rence in the organisms within these phyla. For
instance, FLDs are found only in a few of the
many Campylobacter and Geobacter species
whose genomes are sequenced and available in
the public database (Bishnoi et al. 2015). Bacteria
with FLDs belong to a wide range of ecological
niches – some are free living and are found in soil,
glacial ice, freshwater, or marine water, and others
are commensals of algae, higher plants, or animals
(including human beings) (Bishnoi et al. 2015).

Among eukaryotes, FLDs occur in a
coccolithophore (orphan order Isochrysidales), in

diatoms (phylum Bacillariophyta), in a
cryptomonad (orphan class Cryptophyta), in a
brown alga (phylum Phaeophyceae), in green
algae (phylum Chlorophyta), in fungi (orphan
order Peronosporales), and in the metazoan
phyla, Cnidaria, Arthropoda, Annelida, Mollusca,
Hemichordata, and Chordata (Bishnoi et al. 2015).
FLDs are especially abundantly represented in the
cephalochordate, Branchiostoma floridae, in
mollusks, bony fishes (teleosts), amphibians, and
insects (Bishnoi et al. 2015).

24.3 Provenance of the FLD

The selective and discontinuous distribution of
FLDs in eukaryotes and prokaryotes suggests
that the FLDs were likely lost from several taxa
due to lack of fitness value (Odom and Vasta
2006; Bishnoi et al. 2015). It is also possible
that the FLDs diverged beyond recognition
(by sequence similarity) to non-FLD FA58C or
to other domains in certain taxa or that the pres-
ence of the FLDs in certain taxa is due to lateral
transfer (Bishnoi et al. 2015). The relatively
greater abundance and more extensive represen-
tation of FLDs in eukaryotes makes it likely that
the FLD first originated in eukaryotes and was
then laterally transferred to bacteria and to viruses
(Odom and Vasta 2006; Bishnoi et al. 2015). In
fact, the phylogenetic tree of all FLDs shows
eukaryotic FLDs interspersed among separate
clusters of bacterial FLDs, and although the per-
cent sequence similarity and domain organization
pattern are similar among FLDs from related
organisms, there are several atypical phylogenetic
associations that hint at lateral transfers (Bishnoi
et al. 2015).

Structurally fold-wise, the FLD (classified
under the family fucose-binding lectins) is similar
to the discoidin domain and galactose-binding
domains classified together with FLD in the
Pfam database under the coagulation factor 5/8
C-terminal (FA58C)/discoidin (PF00754) family
(Holm and Sander 1993; Bishnoi et al. 2015).
Structural homology is shared with domains of
proteins from varied sources and with diverse
functions such as discoidins, a single-strand
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DNA break repair complex, neuropilin, human
clotting factors V and VIII, bacterial sialidases,
a yeast allantoicase, a fungal galactose oxidase,
and a human ubiquitin ligase subunit (Vasta et al.
2004). The FLD even shares a similar placement
of the binding site with these domains (Vasta
et al. 2004). Thus it is possible that the FLD and
these other domains either share a similar
carbohydrate-binding domain as their ancestor
or that the FLD has been evolutionarily co-opted
into these other domains (Vasta et al. 2004).

24.4 Domain Context of FLDs

Viral proteins have stand-alone FLDs or FLDs
associated with a pentraxin domain (Bishnoi
et al. 2015). Significantly, they are found in dif-
ferent architectures from their host algal
counterparts, perhaps due to the lateral transfer
of just the FLD into different contexts (Bishnoi
et al. 2015).

With the exception of a few FLDs in S. mitis,
S. pneumoniae, and Myxococcus hansupus,

Fig. 24.1 Phylogenetic tree representing distribution of
FLDs in various life forms. Green triangular marker
corresponds to taxa containing FA58C domain according
to Pfam database (Finn et al. 2014). Red bars point to taxa

containing FLDs identified by our different search
strategies in different life forms. (Figure adapted from
Bishnoi et al. 2015)
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which exist as tandem repeats, bacterial FLDs
occur as a single copy in tandem with one or
more other protein domains (Bishnoi et al.
2015). The co-occurring protein domains include
carbohydrate-binding modules (CBMs) belong-
ing to CBM6 agarase, CBM6 cellulase, CBM6
xylanase, ricin-B lectin, and NPCBM (novel
putative carbohydrate-binding module)-
associated domain. They also include
carbohydrate-active enzyme domains such as
alpha-L-fucosidase; glycosyl hydrolases (GHs)
belonging to GH16, GH20, and GH98; alginate
lyase; beta-N-acetylglucosaminidase; glycosyl-
transferases (GTs) belonging to GT2/GT92; and
GT17, fucosyltransferase, and LicD (lipopoly-
saccharide cholinephosphotransferase family of
proteins involved in glycan modification). Other
enzyme domains such as methyltransferases
21 and 23, lipase, thiol cytolysin, and
membrane-bound dehydrogenase and nonenzy-
matic domains such as Ig, cytochrome C, tetratri-
copeptide (TPR) repeats, and HEAT repeats also
co-occur with FLDs (Bishnoi et al. 2015). The
domain organization is largely similar in related
organisms (Bishnoi et al. 2015). For instance,
ricin-B lectin, GH16, and Por secretion system
C-terminal sorting domain are co-occurring
domains in several members of Flavobacteriia,
GH98 is a co-occurring domain in Bacilli, and
alpha-L-fucosidase, Ig-domain, and glucan-
binding domain (YG repeat/cell wall-binding
repeat) are co-occurring domains in
Actinobacteria (Bishnoi et al. 2015). Figure 24.2
shows some of the common domain architectures
in bacterial FLD-containing proteins.

The co-occurring domains of eukaryotic
FLD-containing proteins are listed in
Table 24.1. Unlike their bacterial counterparts,
vertebrate FLDs mostly occur stand-alone in a
single copy or in multiple tandem repeats
(Bishnoi et al. 2015). In a few eukaryotic classes,
FLDs are also frequently found paired with
C-type lectins (Bishnoi et al. 2015). In
amphibians, the FLD is also often found in tan-
dem with a pentraxin domain, and in insects,
FLDs typically have a C-type lectin domain as
well as Sushi or complement control protein
(CCP) domains in tandem (Bishnoi et al. 2015).

Algae, fungi, cnidarians, arachnids,
hemichordates, and mollusks, however, have
FLDs occurring in tandem with other domains,
too, and the cephalochordate, Branchiostoma, is
remarkable for its profusion of FLD-containing
proteins containing diverse co-occurring domains
in different architectures (Bishnoi et al. 2015).

24.5 Glycan Binding by FLDs

Several characterized FLDs have been
demonstrated to bind to L-fucose and fucosylated
oligosaccharides and display variations in their
fine oligosaccharide-binding specificities
(Table 24.2). For instance, Anguilla anguilla
agglutinin (AAA) binds to L-fucose and to
fucosylated oligosaccharides such as the blood
group antigen H type 1 and the Lea antigen, but
does not bind to the Lex antigen (Bianchet et al.
2002). The F-type lectin from M. saxatilis,
MsaFBP32, demonstrates specific binding to
L-fucose; it does not bind to other sugars such as
D-fucose, D-galactose, L-galactose, D-glucos-
amine, D-mannosamine, and D-arabinose (Odom
and Vasta 2006). It also binds to the fucosylated
oligosaccharides, H-disaccharide,
3-fucosyllactose, and Fucα1-6GlcNAc. It shows
similar binding to these fucosylated oligosac-
charides, with no preference for α1-2- or α1-3-
linked L-fucose, whereas AAA binds preferen-
tially to α1-2-linked L-fucose (Odom and Vasta
2006; Bianchet et al. 2002). MsaFBP32 has also
been shown to bind to fucosylated gastric mucins
(Odom and Vasta 2006). Docking studies of
M. saxatilis F-type lectin, MsaFBP32, which has
two tandem FLDs suggest that the N-terminal FLD
may bind to Lewis and H-trisaccharides and the
C-terminal FLD to simple L-fucose (Bianchet et al.
2010). S. pneumoniae SP2159 binds to L-fucose,
blood group H-disaccharide, and A and B
trisaccharides but shows maximal binding prefer-
ence for Ley antigen, type 2 blood group
H-trisaccharide, and 20-fucosyllactose, and it does
not bind to Lea antigen and Lex antigen (Boraston
et al. 2006). The F-type lectin domain of S. mitis
lectinolysin displays binding preference for the
difucosylated glycans, Lewisb and Lewisy antigens
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(Farrand et al. 2008). We recently characterized
the glycan-binding specificities of three bacterial
FLDs (Mahajan et al. 2017). The FLD from
Cyanobium sp. PCC 7001, CyFkbMFLD,
demonstrates a narrow glycan-binding specificity
as it binds only to a subset of complex fucosylated
glycans with an extended type 2 blood group H
motif, Fucα1-2Galβ1-4GlcNAcβ1-3Galβ1-
4GlcNAcβ (Mahajan et al. 2017). The FLD from
Myxococcus hansupus, MhFLD1, shows specific-
ity toward blood group B, H type 1, and Lewisb

motifs, and the FLD from Leucothrix mucor,
LmFLD, binds to a wide range of fucosylated
glycans, including A, B, H, and Lewis antigens
(Mahajan et al. 2017).

Despite the evidence of numerous FLDs bind-
ing to L-fucose and fucosylated oligosaccharides,
it is also apparent that the FLD has nominal but
not absolute specificity for L-fucose. There are
examples of atypical F-type lectins which show
binding to non-fucosylated glycans. For instance,
besides binding to L-fucose and fucosylated
oligosaccharides, AAA can bind to the galactose
derivatives, 3-O-methyl-D-galactose and 3-O-
methyl-D-fucose, as well as to colitose (3-deoxy-

L-fucose) (Springer and Desai 1970; Vasta et al.
2004). Bryohealin, an F-type lectin from Bryopsis
plumosa, does not bind to L-fucose, but instead
recognizes N-acetylglucosamine and N-acetylga-
lactosamine (Kim et al. 2006). Ranaspumin-4, an
F-type lectin and foam nest component of tungara
frog (Engystomops Pustulosus), does not bind to
L-fucose but instead binds to D-galactose, lactose,
and melibiose (Fleming et al. 2009). Tachylectin-
4, an F-type lectin from horseshoe crab
(Tachypleus tridentatus), binds to terminal
L-fucose residues and to bacterial lipopoly-
saccharide, likely, through the L-fucose-like
colitose and abequose sugars present in it (Saito
et al. 1997). A Dicentrarchus labrax fucose-
binding lectin demonstrates binding to L-fucose
as well as D-galactose and also to the disaccharide
D-galactosides, melibiose and lactulose
(Cammarata et al. 2001). The Sparus aurata
serum lectin, SauFBP32, preferentially recognizes
fucosyl residues, albeit it binds weakly to galac-
tose and oligosaccharides such as melibiose and
lactulose which have galactose residues at the
nonreducing end (Cammarata et al. 2007).

Fig. 24.2 Representative domain architectures of
FLD-containing polypeptides in Eubacteria. Different tax-
onomic classes of Eubacteria are represented, except for
Oscillatoriophycideae (subclass) and Pleurocapsales
(order) where no class designation is available. Both
these taxa belong to the phylum Cyanobacteria. The

domain organizations are represented using software
called illustrator of biological sequences (IBS) (Liu et al.
2015). Domain abbreviations are according to Conserved
Domain Database (CDD). (Figure adapted from Bishnoi
et al. 2015)
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Table 24.1 Representative domain architectures of FLD-containing polypeptides in different taxonomic classes of
Eukaryotes

Phylum Class Organism Protein ID Domain organization

A. Domain architectures of FLD-containing polypeptides in algae and invertebrates
Haptophyta Haptophyceae-

Isochrysidales
Emiliania huxleyi
CCMP1516

485628619 FLD, MAM

Bacillariophyta Coscinodiscophyceae Thalassiosira
pseudonana
CCMP1335

224012533 DUF1800 (2), DUF1501, FLD

Thalassiosira
oceanica

397570057 FLD(3), PT

Chlorophyta Ulvophyceae Bryopsis maxima 292657239 FLD
Trebouxiophyceae Chlorella

variabilis
307104012 Gal_Lectin, FLD

Chlorophyceae Volvox carteri
f. nagariensis

302853363 F5_F8_type_C, PAN_1, FLD,
PAN_APPLE

Heterokontophyta Oomycetes-
Peronosporales

Phytophthora
infestans T30-4

301107029 OmpH, RCC1, FLD

Cnidaria Anthozoa Nematostella
vectensis

156347710 FA58C, FLD

Annelida Polychaeta Capitella teleta 443734247 FLD, CLECT
Arthropoda Arachnida Ixodes scapularis 240979804 Commd8, FLD

241783054 CUB (2), FLD (2), ApeC
Malacostraca Macrobrachium

rosenbergii
397881228 FLD

Branchiopoda Daphnia pulex 321474073 FLD, CLECT, CCP (4)
Insecta Drosophila

melanogaster
161077826 CCP, FLD, CLECT, Atrophin-1

Nasonia
vitripennis

345482661 CCP, FLD, CLECT, CCP (4)

Merostomata Tachypleus
tridentatus

156713139 FLD

Mollusca Bivalvia Crassostrea
gigas

146285283 F5_F8_type_C (2), FLD,
F5_F8_type_C (2)

405953631 FLD, NADAR
405955840 PAN_1, CCP, FLD
405960138 EGF_CA, FLD

Hemichordata Enteropneusta Saccoglossus
kowalevskii

585709924 FLD (7)
291220830 ASC, LDLa (3), FLD (2),

PAN_AP_HGF, ASC
291225543 LamG (3), FLD
291242391 LamG (31), Herpes_BLLF1, FLD (5)

B. Domain architectures of FLD-containing polypeptides in chordates
Chordata Cephalochordata-

Branchiostomidae
Branchiostoma
floridae

229286868 FLD
260810536 FLD (3)
260812465 FLD, F5_F8_type_C (2), FLD,

F5_F8_type_C
260831061 HEAT_2, F8_type_C
260789746 F5_F8_type_C, WSC
261289281 An_peroxidase, FLD
260794384 Gal_Lectin, FLD, WSC, Gal_Lectin,

F5_F8_type_C

(continued)
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Table 24.1 (continued)

Phylum Class Organism Protein ID Domain organization

229292595 FA58C (2), CCP, F5_F8_type_C (2)
260810530 FLD (2), CLECT, KR
229273176 MACPF, Furin-like,

ChtBD1_GH18_2, F5_F8_type_C,
FLD

229293864 LamG, FLD, LamG, FLD, LamG,
FLD (2)

229290813 FLD, CLECT, KR, FA58C, FLD,
PAN_APPLE, Atrophin-1, CLECT,
F5_F8_type_C, PAN_APPLE, lamp,
CLECT

260786006 FLD, CLECT (2), FA58C, GON,
WSC, KR, CLECT, Ig

260831928 GMP_PDE_delta, FLD (2), CLECT,
TSP1, CPW_WPC, CUB, TSP1,
GPS, 7tm_GPCRs

260831065 CLECT, TFIIFa, FLD, GON, FLD,
CLECT, CUB, SR (2), SerH, CLECT,
LDLa, CRD_FZ, KR, CCP

229290364 FA58C, FLD, FN3 (2),
FXa_inhibition, FN3

260787565 LRRNT, LRR, LRRCT, FLD, CCP
(4), EGF_3, CCP (2)

260787625 NEL, LRR, PCC, FLD, CCP
260793715 FA58C, LINK, FLD, Laminin_G_3,

PAN_AP_HGF, Laminin_G_3,
FA58C, FN3 (2), GPS, PLAT,
PKD_channel, NT_Pol-beta-like,
TPR

260794149 FLD, EGF_CA, REJ
260794525 LCCL, CLECT, link, trefoil, FLD,

CLECT, fn3 (2)
260795378 TMEM108, F5_F8_type_C, FLD,

CLECT
260800881 KR, FLD, UDPGT
260800893 KR, FLD, GON
260806424 NHL, Gal_lectin, FLD,

ChtBD1_GH18_2
260815028 Laminin_G_3, FLD, collagen (2)
260825869 P-loop_NTPase, FLD, CLECT (2)
260824649 WSC, FLD (2) Sulfotransfer_3
260783098 MACPF, CLECT, FLD, CLECT,

SMC_N
260799503 FLD, G8, PANDER_like_TMEM2,

FLD, PANDER_like
260794963 P-loop_NTPase, COG5635, LRR_RI,

FLD, Gal_Lectin, FLD
260826486 An_peroxidase_like, FLD, CLECT,

peroxinectin_like (2)
260820309 FLD, CLECT, KR, FA58C (2), SRCR

(continued)
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24.6 Structural Features of FLD

Experimentally determined atomic-resolution
three-dimensional structures are available for the
F-type lectins, A. anguilla agglutinin (AAA, PDB

ID: 1 K12), M. saxatilis MsaFBP32 (PDB ID:
3CQO), S. pneumoniae SP2159 (PDB ID:
2J1S), and S. mitis lectinolysin (PDB ID: 3LEI).
The FLD adopts a beta-barrel structure having
jelly roll topology with a unique fold called the

Table 24.1 (continued)

Phylum Class Organism Protein ID Domain organization

260841546 FLD, Gal_lectin, F5_F8_type_C,
PAN_APPLE, TSP1 (8),
Neur_chan_LBD

260820305 FLD, KR (2), FLD (4), KR, SR,
ChtBD1_GH18_2, CLECT (2)

260806492 PAN_1, SR, ChtBD1_GH18_2, SR,
TSP1, SR, TSP1, SR (2), TSP1 (7),
FLD, SR (2), TSP1 (2), CLECT (2),
CUB (2), SR, FLD, CUB, FLD,
FA58C, SR (2), TSP1 (7), SR (2),
TSP1 (8)

260831067 TM2, Sulfotransfer_2,
Mucin2_WxxW,WSC, FLD

260835699 FLD (12), EGF_CA (5), GLTP
260791880 WSC, F5_F8_type_C (2), WSC,

TECPR, Hyd_WA, TECPR,
Hyd_WA (2), FLD, F5_F8_type_C
(2), CLECT

260785974 CUB, LamG, SR, Endomucin,
Mucin2_WxxW, Methyltransf_FA,
CRD_FZ, ChtBD1, Methyltransf_FA,
CRD_FZ, ChtBD1, Gal_Lectin, FLD,
LamG, FLD

Chondrichthyes Callorhinchus
milii

387915284 FLD

Coelacanthimorpha-
Coelacanthiformes

Latimeria
chalumnae

942209564 FLD

Actinopteri Anguilla
japonica

9651031 FLD

Tetraodon
nigroviridis

47210978 FLD (2)

Oncorhynchus
mykiss

185134285 FLD (4)

Amphibia Engystomops
pustulosus

37906080 FLD

Xenopus laevis 187608266 FLD (2)
115528319 FLD (3)
78191615 FLD (4)
213627704 FLD (5), PTX

Sauria-Testudines Chelonia mydas 465970729 FLD
Mammalia Ornithorhynchus

anatinus
620970996 FLD (5), DNA_pol3_gamma3

Domain abbreviations are according to Conserved Domain Database (CDD). Domain organization is shown according to
CDD representation of domains from N- to C-terminus in each polypeptide. Number written in brackets next to some of
the domains is representing the number of repeats of that particular domain. Table adapted from (Bishnoi et al. 2015)

24 F-type Lectin Domains: Provenance, Prevalence, Properties, Peculiarities, and Potential 353



F-type lectin fold (Bianchet et al. 2002). Analysis
of the crystal structure of AAA reveals that the
structure comprises two sheets of five (β2, β3, β6,
β7, and β10) and three (β5, β8, and β11) antipar-
allel beta-strands (Bianchet et al. 2002). One end
of the barrel is closed by the strands β4 and β9
(Bianchet et al. 2002). At the other end is an L-
fucose-binding cleft, bounded by five loops or
complementarity-determining regions (CDR1–5)
that connect the β-strands (Bianchet et al. 2002).
The side chains of His52 and two Arg residues,

Arg79 and Arg86, protrude out of this cleft and
make hydrogen bonding contacts with the ring
O5, the axial 4-OH, and the equatorial 3-OH
oxygen atoms of L-fucose (Bianchet et al.
2002). His52, Arg79, and Arg86 are held in posi-
tion by hydrogen bonds with Ser53, Asp81, and
His144. The C1 and C2 atoms of L-fucose rest on
the cysteine disulfide bridge formed by Cys82
and Cys83 (Bianchet et al. 2002). Amino acids
of the CDR1 and CDR2 loops, Leu23, His27,
Phe45, and Tyr46, form a hydrophobic pocket

Table 24.2 Glycan-binding specificities of characterized FLDs. (A) Eukaryotic and (B) prokaryotic FLDs

Name of lectin

Glycan-binding specificity

ReferencesBinders Non-binders

A
Anguilla anguilla
agglutinin (AAA)

L-fucose, H type-1 antigen, Lea antigen,
3-O-methyl-D-galactose, 3-O-methyl-D-
fucose, colitose

Lex antigen Bianchet
et al. (2002)

Morone saxatilis
fucose-binding lectin
(MsaFBP32)

L-fucose, H-disaccharide,
3-fucosyllactose, Fucα6GlcNAc, mucin

D-fucose, D-galactose,
L-galactose, D-glucosamine,
D-mannosamine HCl,
D-arabinose

Odom and
Vasta
(2006)

Tachypleus tridentatus
fucose-binding lectin
(Tachylectin-4)

L-fucose, bacterial lipopolysaccharide Saito et al.
(1997)

Bryopsis plumosa
fucose-binding lectin
(Bryohealin)

N-acetylglucosamine, N-
acetylgalactosamine

L-fucose Yoon et al.
(2008)

Engystomops
pustulosus fucose-
binding lectin
(Ranaspumin-4)

D-galactose, lactose and melibiose L-fucose Fleming
et al. (2009)

Dicentrarchus labrax
fucose-binding lectin

L-fucose, D-galactose, melibiose,
lactulose

Cammarata
et al. (2001)

Sparus aurata fucose-
binding lectin
(SauFBP32)

L-fucose, D-galactose, melibiose,
lactulose

Cammarata
et al. (2007)

B
Streptococcus
pneumoniae SP2159

L-fucose, Lewisy antigen, H type 2 di-
and trisaccharide, blood group A and B
trisaccharides, 20-fucosyllactose

Lewisa, Lewisx antigens Boraston
et al. (2006)

Streptococcus mitis
lectinolysin

Lewisb, Lewisy antigens Farrand
et al. (2008)

Cyanobium sp. PCC
7001 fucose-binding
lectin (CyFkbMFLD)

Extended H type 2 saccharides, Fucα1-
2Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ

Mahajan
et al. (2017)

Myxococcus hansupus
fucose-binding lectin
(MhFLD1)

Blood group B, H type 1, and Lewisb Lewisx, Lewisa, and blood group
A

Mahajan
et al. (2017)

Leucothrix mucor
fucose-binding lectin
(LmFLD)

Blood group A, B, H, and Lewis antigens Mahajan
et al. (2017)
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which ensconce the C6 methyl group of L-fucose
(Bianchet et al. 2002) (Fig. 24.3a).

A 310 helix-rich substructure including helices,
ɳ1, ɳ2, and ɳ3, and loops CDR1 and CDR2 makes

a Ca2+-binding motif. In AAA, the Ca2+ is tightly
coordinated by seven oxygen atoms from Asn35,
Asp38, Asn40, Ser49, Cys146, and Glu147,
which includes side chain and main chain oxygen

Fig. 24.3 Surface representations of the fucose-binding
cleft of FLDs. (a) 1K12 (A. anguilla agglutinin with

fucose), (b) 3CQO_N (M. agglutinin N-terminus FLD
with fucose), (c) 3CQO_C (M. saxatilis C-terminus FLD
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atoms from Ser49, side chain oxygen atoms from
Asp38 and Glu147, and main chain oxygen atoms
from the remaining residues. Two disulfide
bridges (Cys50 to Cys146 and Cys108 to
Cys124) and two salt bridges (Arg41 to Glu149
and Asp64 to Arg131) help to hold the structure
together.

Modeling experiments with AAA and
MsaFBP32 indicate that polar residues of the
CDR1 also contact the third moiety of the glycan,
CDR2 residues might contact a fourth moiety of
the glycan, and CDR4 residues might contact the
second moiety of the glycan (Bianchet et al. 2002,
2010). For instance, in AAA, the residues, Glu26
and His27 of the CDR1, Tyr46 of CDR2, and
Arg79 and Asp81 of CDR4, make contact with
the subterminal residues of blood group H and
Lewisa trisaccharides (Bianchet et al. 2002).

Carbohydrate docking studies in MsaFBP32
show that similar interactions are involved in
binding to L-fucose (Bianchet et al. 2010).
His44, Arg71, and Arg78 make hydrogen bonds
with L-fucose in the N-terminal FLD, and His
190, Arg217, and Arg223 make hydrogen bonds
with L-fucose in the C-terminal FLD (Bianchet
et al. 2010) (Fig. 24.3b, c). Similar to AAA, the
N-terminal FLD has hydrophobic residues, Phe37
and Tyr26, in CDR1 that make a hydrophobic
pocket nestling the C6 group of L-fucose and a
contiguous disulfide bond between Cys74 and
Cys75, which makes van Der Waals contact
with the C1 and C2 atoms of L-fucose (Bianchet
et al. 2010) (Fig. 24.3b). However, in the
C-terminal FLD, the shape of the binding pocket
is altered by the bulkier residues, Trp183 in
CDR1 that contacts the C6 group of L-fucose
and Phe220 in CDR4 that makes close contact
with the 2-OH group of L-fucose, and disfavors

substitution at the 2-OH group of L-fucose
(Bianchet et al. 2010) (Fig. 24.3c). Also, while
residues Tyr18, His20, His22, Asp36, and Glu38
make up a continuous polar ridge in the
N-terminal FLD, the binding pocket in the
C-terminal FLD is more shallow with a broader
and more apolar ridge with residues Phe166,
Glu167, Trp183, and Glu184 around the pocket
(Bianchet et al. 2010) (Fig. 24.3b, c).

Based on these structures, Bianchet et al. have
postulated some structural features that dictate the
fine oligosaccharide specificity of FLDs – polar
residues in CDR1 facilitate interactions with a
third moiety of a glycan, bulky residues in
CDR2 might narrow the L-fucose-binding
pocket, an apolar area between the CDR2 ridge
and L-fucose might enable a fourth moiety of a
glycan to be accommodated, CDR4 residues
might interact with second moiety of the glycan,
and substitution of the Cys residues in the CDR4
that make the contiguous disulfide bond might
result in the flat apolar ridgelike structure being
disrupted and might disfavor the accommodation
of a glycan with L-fucose substituted at the 2-OH
group (Bianchet et al. 2010).

The FLD SpX-1 in S. pneumoniae SP2159 is
also structurally similar to AAA with His54,
Arg81, and Arg88 making hydrogen bonds with
L-fucose and Tyr31 and Phe47 forming a hydro-
phobic pocket for the C6 group of L-fucose
(Boraston et al. 2006) (Fig. 24.3d). Minimal
direct and some water-mediated hydrogen bonds
are observed between the protein and the subter-
minal moieties of blood group A tetrasaccharide,
type 2 trisaccharide, and Lewisy antigen, and
Boraston et al. suggest that binding is principally
determined by specific interactions between the
protein and L-fucose and shape complementarity

Fig. 24.3 (continued) with fucose), (d) 2J1U (S. pneu-
moniae FLD with A tetrasaccharide), (e) 3LEG (S. mitis
FLD with Lewis Y Antigen), (f) L. mucor FLD, (g)
M. hanspus FLD, (h) Cyanobium sp. FLD, (i) Ranaspumin
FLD, (j) B. plumosa FLD, (k) D. labrax N-terminus FLD,
and (l) D. labrax C-terminus FLD. Structural models of
LmFLD, MhFLD1, RsnFLD, BpFLD, and DlFBL were
modeled using 1 k12 as template using Fold and Function
Assignment System (FFAS) server (Jaroszewski et al.
2005), and structural model of CyFLD was made in
I-TASSER server (Roy et al. 2010; Yang et al. 2015;

Zhang 2008) using 3LEI as template. All the structures
were aligned with 1 K12 complexed with fucose. The
surface charge and hydrophobicity were visualized in
PyMOL (PyMOL Molecular Graphics System, Version
2.0 Schrödinger, LLC) by coloring Lys, Arg, and His in
blue; Asp and Glu in red; Trp, Try, and Phe in yellow; Cys,
Met, Ser, Thr, Asn, and Gln in green; and Ile, Leu, Val,
Gly Pro, and Ala in white. Fucose is represented in stick
model with elemental coloring. (Figure adapted from
Mahajan et al. 2017)
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between the binding cleft and the saccharides
attached to L-fucose (Boraston et al. 2006). Dif-
ferent substituents on the saccharides might result
in intramolecular restraints and thereby alter con-
formation of the glycan, thus affecting shape
complementarity (Boraston et al. 2006).

In S. mitis lectinolysin, the L-fucose-binding
pocket comprises the residues His85, Arg112,
and Arg120 that directly interact with L-fucose
through hydrogen bonds, Gly115 that makes a
water-mediated hydrogen bond with L-fucose,
and Tyr62, Tyr78, Phe88, and Val117 that make
hydrophobic interactions with L-fucose (Feil
et al. 2012) (Fig. 24.3e). Water-mediated hydro-
gen bonds and van der Waals interactions are
present between the protein and the other saccha-
ride moieties of the fucosylated glycans, Lewisb

and Lewisy (Feil et al. 2012).
Structural models of LmFLD and MhFLD

indicate similar positively charged pockets as
AAA (Mahajan et al. 2017). The predicted
fucose-binding pocket of LmFLD displays the
basic residues, His48, Arg75, and Arg82, for
hydrogen bonding with L-fucose, and Asp77 to
orient Arg75 (Fig. 24.3f). The bulky residues,
Trp25 and Tyr41, which seem to constrict the
binding site, offer a hydrophobic ridge for
interacting with the C6 group of L-fucose
(Fig. 24.3f). The polar residues, Asn42 and
Gln40, extend from the CDR1 ridge and might
interact with subterminal moieties (Fig. 24.3f). A
disulfide bridge formed by Cys78 and Cys79
offers a flat ridge that might make van der
Waals contact with the carbon atoms of
L-fucose (Fig. 24.3f). An additional apolar ridge
formed by Tyr141 is observed near the His48,
further constricting the shallow pocket
(Fig. 24.3f). The predicted L-fucose-binding
pocket ofMhFLD is relatively broad and contains
the basic residues, His67, Arg94, and Arg101, for
hydrogen bonding with L-fucose, Asp96 to orient
Arg94, the hydrophobic residue, Phe60 to accom-
modate the C6 group of L-fucose, polar residues,
His44 and His61 extending from the CDR1 ridge
to interact with subterminal moieties, a disulfide
bridge formed by Cys97 and Cys98 to make van
der Waals contact with the carbon atoms of

L-fucose, and a protuberance formed by His70
(Fig. 24.3g).

The structural model of CyFLD also displays
the conserved His and Arg residues, His48,
Arg75, and Arg82 in a cleft; however the cleft is
quite distinct from the others, being deeper and
surrounded by a high ridge with the hydrophobic
residues, Trp26 and Tyr45 of the CDR1 and
Asp51 on one side (Mahajan et al. 2017)
(Fig. 24.3h). A narrow polar ridge formed by
Asp78, Ser80, and Asp81 is adjacent to the
cleft, replacing the flat Cys disulfide bridge
(Fig. 24.3h). The unusually long CDR1 and
short CDR2 could be a reason for this unusual
cleft and for the ability of CyFLD to bind to
glycans with extended type 2 H motif (Mahajan
et al. 2017) (Fig. 24.3h).

The structural model of Ranaspumin-4 reveals
the residues His67, Arg94, and Arg100 forming a
positively charged cleft bounded by Tyr76,
Phe66, Phe61, Asp96, and Phe97 (Mahajan
et al. unpublished data) (Fig. 24.3i). Tyr60 is
present in a hydrophobic hollow adjacent to the
positively charged cleft, and Phe97 forms a con-
spicuous protrusion instead of the flat ridge
formed by the contiguous Cys disulfide bridge
in AAA and other FLDs (Fig. 24.3i). CDR1
forms a distinct ridge and has the polar residues,
Asp39 and Gln42 (Fig. 24.3i). These unusual
features likely determine the binding of
Ranaspumin-4 to D-galactose rather than
L-fucose.

The structural model of Bryohealin, which
binds to N-acetylglucosamine and N-acetylgalac-
tosamine rather than to L-fucose, shows a posi-
tively charged cleft formed by the residues,
His169, Arg196, and Arg203, bounded by a
hydrophobic ridge formed by Phe146 and
Trp162, a hydrophobic protrusion formed by
Tyr255, and a flat apolar ridge formed by the
Cys199 and Cys200 disulfide bridge (Mahajan
et al. unpublished observation) (Fig. 24.3j).
Glu197 and Asp198 form a negatively charged
ridge extending the ridge formed by the contigu-
ous Cys residues, and Asp145 forms an unusual
negatively charged area just adjacent to the posi-
tively charged cleft (Fig. 24.3j).
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The structural models of the N-terminal and
C-terminal FLDs of the fucose- and galactose-
binding lectin from sea bass, Dicentrarchus
labrax, show interesting differences. The
N-terminal FLD has a relatively broad, positively
charged cleft with the basic residues, His62,
Arg89, and Arg96, bounded by a flat apolar
ridge formed by the contiguous Cys92 and
Cys93 on one side and short ridges formed by
Phe153, Glu65, Tyr36, Phe55, and Asp91
(Mahajan et al. unpublished observation)
(Fig. 24.3k). The C-terminal FLD has a small
positively charged hollow with the basic residues,
His 208, Arg235, and Arg241 bounded mainly by
the bulky, hydrophobic residues, Tyr184,
Trp201, Tyr238, and Tyr297 (Fig. 24.3l).

24.7 Sequence Characteristics
of FLD

The FLD sequence has two sequence motifs – an
L-fucose-binding FLD motif and a Ca2+-binding
motif (Fig. 24.4). The L-fucose-binding motif,
conventionally regarded as HX(26)RXDX(4)R/
K (Vasta et al. 2008), includes the His and the
two Arg residues that are involved in making
hydrogen bond contacts with the ring O5, 4-OH,
and 3-OH atoms of the L-fucose. Upon analysis
of the many more FLD sequences available in the
public database, we found that this motif can be
regarded as HX(26-31)RX(0-2)DX(1-10)R/K for
prokaryotic FLDs, HX(26-29)RXD/N/SX(4)R/K
for viral FLDs, and HX(26-36)RX(0-2)DX(4-14)
R/K for eukaryotic FLDs (Bishnoi et al. 2015).

Fig. 24.4 Sequence alignment of FLDs. 1K12 (Anguilla
anguilla agglutinin), 2J1S (S. pneumoniae FLD), 3LEI
(S. mitis FLD), 3CQO_N (Morone saxatilis agglutinin
N-terminus FLD), 3CQO_C (Morone saxatilis
C-terminus FLD), L. mucor FLD, M. hanspus FLD,
Cyanobium sp. FLD, Ranaspumin FLD, B. plumosa

FLD, D. labrax_N terminus FLD, and D. labrax_N termi-
nus FLD. Alignment was performed with T-Coffee multi-
ple sequence alignment server (Notredame et al. 2000) and
is represented using ESPript program (Gouet et al. 2003).
(Figure adapted from Bishnoi et al. 2015)
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However, approximately one third of the FLD
sequences lack one or more of the conserved
His, Asp, and/or Arg residues (Bishnoi et al.
2015). Polar as well as apolar residues are found
to substitute the His and the Arg residues at these
positions in these FLD sequences (Bishnoi et al.
2015). The Asp residue in the FLD sequence
motif is mostly substituted by the physicochemi-
cally similar amino acid, Glu, or by Asn, Ser, or
Gly in these sequences (Bishnoi et al. 2015).

The His/Arg/Arg residues are thought to be
critical for L-fucose binding, and mutagenesis of
the first Arg residue has been demonstrated to
lead to loss of lectin activity in S. mitis
lectinolysin (Farrand et al. 2008). In the FLDs
that occur as plural tandem repeats on a single
polypeptide, mutations of the His/Arg/Arg might
be tolerated due to redundancy. However, natu-
rally occurring variations of the His/Arg/Arg are
observed in FLDs that occur singly, too (Bishnoi
et al. 2015). Our studies on a few bacterial FLDs
with His substitution indicate that certain polar
amino acids can effectively replace His without
loss of lectin activity (Khairnar et al. unpublished
data). In other FLDs with apolar residues
substituting the His, polar residues in the close
vicinity might instead be involved in hydrogen
bonding with L-fucose. It is also possible that
certain FLDs with apolar residues substituting
the His/Arg/Arg do not possess L-fucose-binding
lectin activity, but have evolved to serve some
other function such as binding to some other
biological macromolecule.

There are two contiguous Cys residues that
form a disulfide bridge (Fig. 24.4) that is involved
in making contact with the ring atoms C1 and C2
of L-fucose in AAA. This unusual disulfide
bridge is conserved in >50% eukaryotic FLDs
and in all viral FLDs but present in only ~20%
of all prokaryotic FLDs. It is absent in FLDs
belonging to the classes Alphaproteobacteria,
Epsilonproteobacteria, Planctomycetia, and
Verrucomicrobia and phylum Cyanobacteria
and present in FLDs from Solibacteres and
Deltaproteobacteria, most FLDs from
Flavobacteriia, and in a few FLDs from
Gammaproteobacteria, Actinobacteria, and
Bacilli (Bishnoi et al. 2015). Its selective presence

suggests that the FLD tolerates its absence.
Unlike the characterized eukaryotic FLDs,
which are secreted proteins and have signal
peptides, more than 50% of the bacterial FLDs
do not have a signal peptide (Bishnoi et al. 2015),
suggesting that they are either secreted through
noncanonical pathways or that they are indeed
located in the cytoplasm. Besides being a constit-
uent of the cell wall and signaling factors,
L-fucose may also be present within bacterial
cells, for instance, as a component of carotenoids
or secondary metabolites (Maki and Renkonen
2004; Riely et al. 2004; Samuel and Reeves
2003; Takaichi et al. 2001), and it is possible
that FLDs are involved in processes related to
their function (Bishnoi et al. 2015). It is therefore
likely that the FLD first originated in a nonreduc-
ing environment in the eukaryotes, but later the
disulfide bridge and the contiguous Cys residues
were lost following lateral transfer to prokaryotes,
loss of signal peptide, and change of locale to a
reducing environment (Bishnoi et al. 2015).

In AAA, besides this unusual disulfide bridge,
there are Cys residues forming two other disulfide
bridges that stabilize the structure (Bianchet et al.
2002). These Cys residues are absent in the pro-
karyotic and viral FLDs (Bishnoi et al. 2015).
Among the eukaryotic FLDs too, they are absent
in FLDs from diatoms and green algae (Bishnoi
et al. 2015). There are also a few peculiarities
associated with these disulfide bridges in a few
eukaryotic FLDs. In certain proteins with two
FLD repeats from bony fishes, one FLD has the
contiguous Cys residues but lacks the two Cys
residues involved in the internal of the two other
disulfide bridges, while the other FLD possesses
both the internal and external disulfide bridges
but lacks the contiguous Cys residues involved
in the unusual disulfide bridge (Odom and Vasta
2006; Vasta et al. 2008; Bishnoi et al. 2015).
Further, a couple of FLDs from Branchiostoma
floridae have four contiguous Cys residues
instead of just two (Bishnoi et al. 2015).

The Ca2+-binding site in FLDs is located in the
region of the FLD including the loops CDR1 and
CDR2, and although the Ca2+ is not involved
directly in ligand binding, it does help to stabilize
the overall structure of the protein and in
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particular contour the CDR1 and CDR2 loops
(Bianchet et al. 2002). In AAA, the Ca2+-binding
site comprises the amino acids, Asn35, Asp38,
Asn40, Ser49, Cys146, and Glu147 (Bianchet
et al. 2002). Of these, Asp38, Ser49, and
Glu147 interact with Ca2+ through their side
chains, and Ser49 seems especially important as
it interacts both through its side chain and main
chain oxygen atoms (Bianchet et al. 2002). Asp38
is conserved in the majority of prokaryotic,
eukaryotic, and viral FLDs and in a few cases
substituted with Asn, Glu, or Gln. The amino
acids, Ser49 and Glu147, are conserved in
>50% of eukaryotic and prokaryotic FLDs but
absent in viral FLDs (Bishnoi et al. 2015).
Glu147 is substituted by Asp, Gln, Asn, Ser, or
Lys in some FLDs and Ser49 substituted by Thr
in some proteins (Bishnoi et al. 2015). In yet
others lacking an amino acid residue with a side
chain oxygen atom in this position, a water mole-
cule might contribute toward Ca2+ coordination,
or the coordination geometry might be altered
(Vasta et al. 2008).

Besides these motifs, a characteristic feature of
the FLD is the presence of hypervariable regions
termed the complementarity-determining regions
(CDRs) (Bianchet et al. 2002) (Fig. 24.4). These
CDRs are located in the loops that frame the
fucose-binding region and play an important
role in shaping the fucose-binding pocket. The
length and sequence of CDR1 especially has
been suggested to have an important role in deter-
mining the fine oligosaccharide specificity of the
FLD (Bianchet et al. 2002). It varies from 5 to
15 residues in bacterial sequences and is
9 residues long in ~50% of the prokaryotic
FLDs (Bishnoi et al. 2015). In eukaryotic FLDs
the CDR1 is 7 to 23 residues long, and in viral
FLDs, 9 to 11 residues long (Bishnoi et al. 2015).

24.8 Future of FLDs

Historically, eel serum F-type lectins have been
widely used for blood typing as anti-H
hemagglutinins (Judd 1980) and in lectin histo-
chemistry studies aimed at differentiating cells
according to their developmental stages,

differentiation, and/or malignancy, based on the
expression of several glycans (Wagner 1988;
Danguy et al. 1988). With the substantial body
of research conducted on F-type lectins and FLDs
from diverse organisms, structural and biochemi-
cal aspects of FLD binding to fucose and various
fucosylated ligands are currently well understood.
Additionally, the small size of the FLD (only
~140 residues) and the β-barrel fold make it ame-
nable for engineering applications. Further, the
multivalent nature of most FLDs either by oligo-
merization or by tandem duplication within a
polypeptide potentiates binding to and/or cross-
linking of cell surface glycans. For instance, in
the S. pneumoniae protein, SP2159, the presence
of three FLDs in the polypeptide contributes to its
high apparent affinity for immobilized fucose due
to an avidity effect (Boraston et al. 2006). On the
other hand, AAA and MsaFBP32 achieve a simi-
lar avidity effect via the formation of a
non-covalent trimer with the three fucose-binding
sites oriented in the same direction (Bianchet
et al. 2002, 2010). The structure of MsaFBP32
presents another potential application of FLDs in
cross-linking two different surfaces with different
glycan epitopes by means of two tandem FLDs
oriented in two opposite directions and with dis-
tinct specificities (Bianchet et al. 2010). There-
fore, it is clear that FLDs have great potential in
applications involving the recognition of various
fucosylated glycoconjugates, such as in diagnosis
of cancer cells with altered fucosylation.

Our extensive survey of FLDs in different life
forms, both prokaryotic and eukaryotic, drew our
attention toward FLDs co-occurring with a range
of other domains including carbohydrate-binding
modules, carbohydrate-active enzymes, glycosyl
transferases, and other proteins of immune origin
(Bishnoi et al. 2015). This remarkable diversity of
domain architectures is not only of great interest
from an evolutionary point of view, but it also
suggests that FLDs are likely being recruited to
target diverse functions to specific fucosylated
niches in these organisms.

One such example of an FLD directing the
biological activity of its co-occurring domain
has been previously demonstrated by Farrand
et al. with the S. mitis protein, lectinolysin,
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wherein FLD was shown to enhance the pore-
forming activity of its co-occurring thio-cytolysin
domain by directing it to difucosylated glycans
present on the cell membrane of platelets, thereby
causing platelet aggregation (Farrand et al. 2008).
Another study hinting at the role of FLD in
directing activity of its co-occurring domain is
of S. pneumoniae SP2159, which has three tan-
dem FLDs in coassociation with a glycosyl
hydrolase domain (Boraston et al. 2006). The
FLD shows specificity toward the fucosylated
oligosaccharides of blood antigens present in the
lungs and likely directs the glycosyl hydrolase
domain, a known virulence factor, to these host
tissues bearing these antigens (Boraston et al.
2006). Our recently published study suggests
that the FLD might not only work by targeting
the co-occurring domain to a specific niche but
also modulate the activity of the co-occurring
glycoenzymatic domain. Our studies on Streptos-
porangium roseum F-type lectin have
demonstrated that a cis-positioned FLD can
enhance alpha-L-fucosidase activity for aqueous,
soluble fucosylated oligosaccharides (Bishnoi
et al. 2018). These studies point to the potential
of FLDs in applications involving targeting, such
as in targeting therapeutics to cancer cells with
altered fucosylation, or involving improved or
designer glycoenzyme activity.

These applications of FLDs are limited by a
few factors. One, currently characterized FLDs
recognize only a limited subset of glycan
epitopes. Two, there is a paucity of studies
demonstrating the functional roles of FLDs that
co-occur with other domains. Three, FLDs, like
most lectins, have relatively low binding affinity
for their ligands. These problems can be
alleviated by the study of more diverse naturally
occurring FLDs from different life forms and by
rational engineering approaches, utilizing the
wealth of available sequence and structural FLD
space. In research aimed toward this goal, we
have found that by drawing from the diversity
contained within the sequence space of naturally
occurring F-type lectin domains, we can indeed
generate engineered F-type lectin domains with
improved binding strength and altered ligand-

binding specificity (Mahajan et al. 2018; Sharma
et al. unpublished data).

To conclude, FLDs with their small size and
fold amenable to protein engineering, well-
characterized sequence motifs, structural mode
of fucose binding, and diverse domain
architectures offer tremendous potential for use
in applications involving directing, modulating,
or targeting distinct biological activities or
functions to selected glycosylated niches with
efficacy. Further research on diverse naturally
occurring FLDs in different domain architectures
and protein engineering experiments with the
FLD fold can help realize these applications.
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