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SYNOPSIS
The main objective of my doctoral research has been to increase our understanding of the
molecular details of the regulatory mechanisms of proteins that play key roles in
physiological processes and diseases. To achieve that goal, I focused on protein structures,
and integrated data from biochemical and clinical studies with computational analyses that I
performed on these proteins based on their evolutionary history and physicochemical
properties. Specifically, I pursued the mechanistic understanding of the function and
regulation of two transmembrane protein families, namely the ErbB family and Na+/H+
exchangers. Both families are involved in devastating human diseases and advancing our
knowledge of their activation is of high clinical importance.

My earliest interest was in shedding some light on the molecular regulation of the ErbB
family. Tyrosine kinase receptors of the ErbB family play a significant role in vital cellular
processes and in various cancers. These receptors are unique among kinases in that their
activation is independent of their phosphorylation state. Moreover, the first crystal structure
of the kinase domain of ErbB1, the first member to be discovered that is also known as the
epidermal growth factor receptor (EGFR), showed that all elements are ready for catalysis in
the un-phosphorylated state. Thus, the available data raised an apparent paradox, since it was
well known that the EGFR is not constitutively active. Consequently, I had sought an
alternative regulation mechanism. My working hypothesis was that these receptors are
regulated by another mechanism intrinsic to the intracellular domain, which is
phosphorylation-independent. My results indicated that the C-terminal domain of the EGFR
serves as a down-regulator of the catalytic activity via direct contacts with the kinase domain.
Recent publications substantiated my findings by experimental means.
Since the publication of my results, abundant data, including structural and biochemical
studies, has been accumulated. Base of this information, I recently summarized a model that
includes multiple layers of regulation on EGFR activity imposed via its different structural
domains, and their mutual control. The model provides an explanation, at the molecular level,
for the effects of cancer-causing ErbB mutations, and suggests a novel therapeutic venue for
ErbB-related cancer.
Similar to the ErbB family, the Na+/H+ exchangers raise interesting questions regarding
structure-function relationships within transmembrane proteins. These proteins transport Na+
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and H+ ions across the membrane and play a key role in maintaining cellular homeostasis and
in pathological conditions such as cancer and heart diseases. Despite extensive mutagenesis
studies, the molecular details of the cation-exchange mechanism are still obscure, largely
because the structure of these transporters is unknown. However, due to various technical
difficulties with the expression and purification of these proteins, it appears that we are still
years away from structure determination.
The structure of the Na+/H+ antiporter from Escherichia coli (EcNhaA) was recently
determined using X-ray crystallography. This unique structure opened the way for
understanding structure-function relation in human transporters. EcNhaA and eukaryotic
Na+/H+ exchangers appear to share similar functions and architecture, and I therefore used
that crystal structure to model the structure of the human Na+/H+ exchanger isoform 1
(NHE1). Modeling was extremely challenging because the sequence identity of these proteins
is about 10%, well below the cutoff point for reliable comparative modeling. I therefore
combined the outcome of several fold-recognition and sequence-alignment tools with manual
interventions. My model structure was validated according to various criteria, such as the
evolutionary conservation profile and mutagenesis data.
The model structure is especially valuable when used to guide biochemical experiments.
Accordingly, I established collaboration with Prof. Etana Padan (The Hebrew University),
who was involved in the determination of the EcNhaA structure. Specifically, in my model,
amino acids that participate in the binding of clinically-important NHE1-inhibitors are found
in close proximity to each other in the structure, even though they are scattered on the
primary sequence. This provided important support to the model and also allowed me to infer
the location of the binding-site of inhibitors within the EcNhaA structure. The prediction was
validated by site-directed mutagenesis done by Katia Herz under the supervision of Etana
Padan. This result strongly supported my motivation to predict the structure of NHE1 on the
basis of the crystal structure of the prokaryotic protein.
I further point out that the two transporters share a similar cation-exchange mechanism.
This allowed me to infer mechanistic insights available for the prokaryotic protein in order to
further our understanding of the mechanism of NHE1 activity. Thus, I integrated empirical
data and the new structural model to suggest an alternating-access mechanism of the Na+/H+
exchange in molecular detail.
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INTRODUCTION
My main drive in research has been the investigation of function and regulatory mechanisms
of proteins in molecular details. Such information is imperative when trying to accurately
control and intervene with cellular processes, e.g., in pathological conditions. Understanding
protein mechanisms at the molecular level require structural information, such as via X-ray
crystallography [1]. Nevertheless, obtaining 3-dimensional (3D) structures is not enough,
mainly since they typically display a static view, while proteins are dynamic entities, and
conformational changes are a part of their regulation and activity [2]. Consequently, my
research approach was to exploit available 3D-structures or to computationally predict them,
and to complement the structural information with sequence, phylogenetic and biophysical
analyses in order to better understand their structure-function relationships. I then integrated
the computational information with available biochemical and genetic data to shed light on
the regulatory mechanisms. Specifically, my doctoral dissertation focused on the
investigation of two transmembrane protein families, namely the ErbB family (described in
chapter 1) and the Na+/H+ exchanger family (described in chapter 2).
My particular research makes use of the available algorithms and biological databases in
order to address biological problems and to guide hypothesis-driven experiments. A primary
approach that I utilized in my investigation of protein families was the examination of their
evolutionary conservation. The main idea is that key amino acids that are important for the
maintenance of the structure and function of a protein evolve slowly, i.e., are more
evolutionary

conserved

than

unessential

residues.

The

ConSurf

server

(http://consurf.tau.ac.il/) is a web-based tool developed in the laboratory of Prof. Nir Ben-Tal
in collaboration with Dr. Tal Pupko (Tel-Aviv University) [3]. ConSurf calculates
conservation scores for each amino-acid site, based on the phylogenetic relations between
homologous sequences as well as by a specified stochastic process of amino-acid
replacements [4]. The evolutionary conservation scores are mapped onto the 3D-structure of
proteins, which are visualized using a user-friendly interface. I was involved in the
integration of new features into ConSurf to further improve the accuracy of the calculations,
which has lead to the publication of ConSurf version 3.0 [5] (Landau et. al. (2005) Nucleic
Acids Research 33, W299-302; the manuscript is attached as Appendix I). My role in this
project was to correlate between computation and biology. I examined the implications of
modifications in the computational methods and algorithms implemented in ConSurf on the
analyses of biological systems. In addition, I was responsible for setting the parameters used
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in these algorithms that would best describe the evolutionary conservation profile of protein
families.
Evolutionary conservation analyses provide valuable information and bear many
applications; for example, in the identification of functionally important residues within a
sequence, such as residues that participates in enzymatic catalysis, ligand-binding and
protein-protein interactions [3]. The evolutionary conservation analyses are especially
valuable when combined with structural information. For example, residues that are part of a
functional site, as a ligand-binding site or a catalytic pocket, are often scattered on the
primary sequence. Thus, projection of the evolutionary conservation analysis onto the 3Dstructure, as applied by the ConSurf server, could reveal conserved patches that point to the
location of functional sites [6]. This information is valuable, for instance, to the structural
genomic project by inferring function form structures [7].
Evolutionary conservation analyses also aid genetic studies with the discrimination of
damaging vs. neutral mutations, which typically involve the substitution of conserved vs.
variable residues, respectively [8]. When structural information is available, calculation of the
solvent-exposed surface area [9] for each mutated residue complements the conservation
analysis. For instance, a conserved and buried residue is often important for maintaining the
structural fold, while a conserved and exposed residue is often of functional importance [10].
In case the mutated residue is evolutionary variable and surface-exposed, the substitution is
most likely to be neutral. Such analyses aid in the examination of many mutations found in
patients and in the understanding of their molecular effect and clinical relevancy, including in
my own study described in chapter 1 (Landau and Ben-Tal (2008) BBA-reviews on cancer
1785(1) 12-31), and in my other studies that are not a part of this dissertation [11-19].
It is noteworthy that the evolutionary conservation profile is directly dependent on the set
of homologous sequences used for the calculations [3]. For example, in my investigation of
the tyrosine kinase receptors of the ErbB family, described in chapter 1, I compared between
evolutionary conservation analyses that were based on a set of members of the ErbB family
vs. a larger set of various kinases. This comparison highlighted specific residues and regions
that are unique to the ErbB family among other kinases. Accordingly, by using different sets
of homologous sequences, it is possible to reveal specific traits. Explicitly, I examined
specific patches on the surface of kinases as potential sites for protein-protein interactions.
My evolutionary conservation analyses pointed out that these patches are unique to members
of the ErbB family among other kinases. This result was confirmed by the examination of the
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physicochemical properties of the patches in the ErbBs and in other kinases [20] (Landau et.
al. (2004) Structure 12, 2265-2275; the manuscript is attached as Appendix II).
Protein 3D-structures played a significant role in my examination of function and
regulation mechanisms of transmembrane proteins. Unfortunately, due to experimental
difficulties, we are still far beyond an inclusive structural determination of the transmembrane
domain of proteins, especially from eukaryotes. As a result, although they comprise 15-30%
of the eukaryotic genome, only 1% of the structurally determined proteins are membranal
[21]. Consequently, computational tools are most valuable resources to obtain structural
insights for these proteins [21]. For instance, in my work on Na+/H+ exchangers (Landau et al.
(2007) JBC 282(52) 37854-63), described in chapter 2, I have predicted the 3D-structure of
the human Na+/H+ exchanger isoform 1 (NHE1) using homology modeling tools [22] based
on a structure of a functional homolog from Escherichia coli [23]. In addition, evolutionary
conservation analyses had also been shown valuable to predict protein structures [21, 24-26].
Generally, residues that are important for maintaining protein structures are expected to be
highly conserved within protein families sharing a similar fold. Specifically in helical
transmembrane protein, as NHE1, the strategic and conserved locations within the structure
are the interfaces between the transmembrane helices, in contrast to the evolutionary variable
residues facing the membrane lipids or the ones located on the extra-membranal loops [21, 27,
28]. Accordingly, evolutionary conservation analyses have also been exploited to validate
model structures [29]. Indeed, such analyses have played a crucial role in the validation of my
proposed structure of NHE1.
Overall, my dissertation demonstrates the significant contribution of applying
computational tools for the comprehensive understanding of protein mechanisms and
particularly to guide hypothesis-driven experiments. Most prominently, I found that the
integration of data from various computational approaches, along with gathering the relevant
experimental information, is extremely valuable to raise models of regulations for protein
families.
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Chapter 1: Dynamic Equilibrium between Multiple Active
and Inactive Conformations Explains Regulation and
Oncogenic Mutations in ErbB Receptors
This chapter is based on two published manuscripts (Landau et. al. (2004) Structure 12,
2265-2275; Landau and Ben-Tal (2008) BBA-reviews on cancer 1785(1) 12-31)

Abstract
The ErbB growth factor receptor family members are key players in vital physiological and
pathological processes. Like other receptor tyrosine kinases, the ErbBs are type I
transmembrane proteins. In recent years the crystal structures of the extracellular and
intracellular domains of some ErbBs have been determined. I integrated the available
structural

information

with

phylogenetic,

biochemical,

biophysical,

genetic,

and

computational data into a suggested model for the regulation and activation of these
receptors. According to the model, regulation is maintained by a dynamic equilibrium
between monomeric and dimeric states in various conformations. Along this dynamic
equilibrium, variations in the points of interactions within the dimers alter the activation state
and ligand-binding affinities. The active state was recently shown to be associated with an
asymmetric dimer of the kinase domains. That finding enabled me to elucidate, in molecular
terms, the directionality observed in the activation process of ErbB heterodimers; it can
explain, for example, the preferential activation of ErbB2 by ErbB1 over activation of ErbB1
by ErbB2. Sequence alterations that reverse this directionality lead to aberrant signaling and
cancer. My model also offers molecular interpretations of the effects of various oncogenic
alterations that interfere with the regulatory mechanism.
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1. Introduction
The four ErbB growth factor receptors are members of one of the most notorious protein
families in cancer research, also known as the HER family. ErbB1, the first member to be
discovered, is also known as the epidermal growth factor receptor (EGFR). The ErbB family
is ubiquitously distributed throughout the animal kingdom [30], and plays an essential role in
vital cellular processes such as proliferation, differentiation, migration, and apoptosis [31, 32]
as well as in various pathologies [33].
The ErbBs belong to the receptor tyrosine kinase (RTK) super-family [34], all of which
are type I transmembrane (TM) proteins that are activated by binding of extracellular ligands,
such as the epidermal growth factor (EGF). Structurally they consist of an N-terminal
extracellular ligand-binding domain, a single TM span, and a large intracellular domain that
includes the catalytic kinase domain and a regulatory C-terminal domain (Fig. 1). Activation
of the ErbBs induces phosphorylation of tyrosine residues that are located in the receptor's
intracellular domain and serve as docking sites for other proteins, thereby allowing transfer of
the signal into the cell. The complex signaling network of the RTKs in general, and of the
EGFR family in particular, has been the focus of intensive research (see e.g., [32, 35]).
Interestingly, the second family member, ErbB2, lacks the capacity to bind ligands, and
the third, ErbB3, has an inactive kinase [32]. Both are nevertheless vital to embryonic
development, as are the EGFR and the fourth family member, ErbB4. This apparent paradox
is explained by the fact that the basic functional unit in the signaling of the ErbB family, as in
other RTKs, is a dimer. Thus, ErbB2 and ErbB3 operate by combining with other ErbBs to
form heterodimers [32]. Phosphorylation of ErbB3 by its partner leads to a specific and
unique signaling pathway, explaining the significance of ErbB3 despite its being catalytically
defective.
The ErbBs mediate an essential cellular signaling network; consequently, their activation
is subject to several layers of regulatory control [2]. In this work, I focused on the molecular
details of the regulatory mechanisms that operate within the ErbB proteins. The regulatory
role played by the extracellular and TM domains of the ErbBs has been extensively
discussed. In contrast, most aspects of the regulatory mechanisms located in the intracellular
domain have only recently been elucidated. Here I discuss the new developments and suggest
a model of EGFR regulation, presented in Fig. 1, which integrates the multiple layers of
control imposed by the various structural elements of this protein. I propose a mechanism of
dynamic equilibrium, which is manifested by interconversions between different
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conformations of the receptor in the ligand-free state. Binding of ligand disrupts this
equilibrium and invokes a consecutive process that triggers activation. In the second section
of this chapter, I explain the regulation imposed within and between the receptor's different
domains, and this leads me to formulate the thermodynamic model presented in Fig. 1 and
summarized in section 3. Differences and similarities in regulatory mechanisms among the
various ErbBs are elaborated in section 4. In the fifth section, by referring to my regulatory
model and an evolutionary conservation analysis of ErbBs from various species, I predict the
molecular effect of cancer-causing mutations in the ErbBs. I note that the mechanisms of
regulation of the EGFR might depend on the cell type and the stage of the cell cycle [36].
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Fig. 1: Regulation of the EGFR
The EGFR is represented by its main structural elements, namely the extracellular part, the TM domain, and the
intracellular part comprising the kinase and C-terminal domains. Location of the membrane is marked by the
brown bar. Panel A presents a scheme of the regulatory mechanism maintained by interconversion between
multiple forms. I note that all forms in the ligand-free state are in dynamic equilibrium with one another. Two
monomers of the EGFR are displayed, colored yellow and purple. Panel B displays a ribbon representation of
crystal structures available for specific domains of the EGFR. The fragmentary structures are schematically
combined here to illustrate the entire receptor in a few conformations that correspond to panel A. Regions for
which a crystal structure is not available are depicted by dashed curves. The crystal structures of the
extracellular domain are colored according to its subdomains (I in red, II in cyan, III in green and IV in
magenta; for the dimer in form 'e', one of the monomers is in darker shades for clarity). The EGF ligand is
represented by gray space-filled atoms. The TM helices are colored in two shades of gray. The kinase domains
are colored in yellow and purple as in panel A. A fragment from the C-terminal domain that is available in the
crystal structure is displayed as a tube, colored in darker shades of the color of the kinase domain on the same
monomer.
The ligand-free state is characterized by interconversion between many different conformations, while the
scheme in panel A depicts only representative forms. In both panels, form 'a' stands for a monomeric
conformation in which the kinase domain is inactive (residues 679−964; PDB entry – 2gs7; [37]). Form 'b'
illustrates a dimeric form demonstrating the formation of an inactive intracellular complex (residues 672−995;
PDB entry – 1m17; [38]), and an inactive TM complex (the coordinates were taken from [39]). The extracellular
domains in forms 'a−b' are predicted to alternate between tethered and extended conformations that are
embodied by an abstract conformation in panel A. The crystal structure of the extracellular domain (forms 'a−b'
in panel B) depicts only the tethered conformation in the ligand-free state (residues 2−614; PDB entry – 1YY9;
[40]). Forms 'a−b', in which the extracellular domains are separated, are predicted to have a relatively low
ligand-binding affinity.
Based on experimental data (see main text) I predicted that an intracellular asymmetric dimer is one
component of the high-affinity state. Forms 'c−d' display a dimeric conformation in which contact formation is
mediated by the TM, the extracellular, and the intracellular domains. In these forms the extracellular domains
assume an extended conformation allowing contact, which is likely to significantly increase the binding affinity
of the receptors for the ligand. No structural information is available for such conformations of the extracellular
domains, which are probably transient. The intracellular asymmetric dimer is comprised of activating (yellow)
and activated (purple) monomers, which can potentially switch orientations (as illustrated in forms 'e−f'). The
equilibrium between forms 'a', 'b' and 'c' is dependent on their inherent stability, while conversion to form 'd' is
dependent on an unknown external factor that is depicted by a cyan polygon. I emphasize that the conformation
assumed by form 'd' is entirely hypothetical.
Binding of the growth-factor ligands, depicted by green ovals in panel A (or gray spheres in panel B),
induces conformational changes in the extracellular domains, including exposure of the 'dimerization arm'
illustrated in forms 'e−f'. The ligand-bound extracellular domains (residues 2−512; PDB entry - 1IVO; [41]) are
in extended conformation, and allow contact formation between the two monomers. In this ligand-activated state
the TM complex assumes the active conformation (the coordinates were taken from [39]). The kinase domains
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within the intracellular asymmetric dimer (residues 669−967; PDB entry – 2gs6; [37]) can potentially switch
orientations, such that the activating and activated monomers exchange roles (forms 'e−f'; panel B illustrates
only the structure corresponding to form 'e').

2. Mechanism of Regulation in the ErbB Family
The general scheme of the activation mechanism in RTKs involves binding of ligand to the
extracellular domain, which leads to dimerization of the receptor followed by structural
changes and phosphorylation of tyrosine residues in its intracellular domain [34].
Accumulating new evidence has resulted in fundamental extensions and modifications to the
above basic mechanism in the ErbBs. These modifications are discussed here.
2.1. Regulation by Dimerization
The ErbBs were shown to be clustered in the membrane, and random collisions that could
lead to the formation of dimers and other oligomers are therefore very likely to occur [36, 42,
43]. As a result, it is anticipated that an additional layer of regulation is needed in order to
prevent activation induced by random dimerization. For example, the formation of stable
inactive dimers or oligomers could serve as a mechanism for the required control. Studies
have indeed shown that although dimerization (which requires spatial proximity between two
ErbBs) is a necessary step toward ligand-induced activation, such proximity is not in itself
sufficient to promote activation [36, 44-49].
Because the RTKs are multi-domain proteins, the term 'dimerization' should be used with
caution, i.e., with implicit relevance to the location of interaction. As an example, mediation
of contacts by the extracellular domain does not necessarily mean that the intracellular kinase
domains directly interact, and vice versa. The location of contact formation between the two
subunits has crucial implications for the activation state of the receptor (see Fig. 1).
As mentioned above, numerous studies have shown that the EGFR can form ligandindependent dimers, or 'pre-dimers' [44-51]. These dimers are probably inactive [36, 44, 50].
However, the nature of the specific interface within the dimers detected in those studies has
yet to be fully elucidated. There are indications that all ErbBs display ligand-independent
contact formation between their TM domains [47]. In addition, there is evidence that the
cytoplasmic domain [44], and even more specifically, the kinase domain [45], are necessary
for the formation of at least some of these ligand-independent dimers.
Binding of EGF to the pre-dimers on the cell surface displays much higher affinity than to
the monomers [51] (see section 2.5). It was suggested that pre-dimer formation helps
facilitate the formation of active dimers, which is not limited by diffusion along the plasma
11

membrane, even at low EGF concentrations [51]. Moreover, clustering of ErbBs in the
membrane probably contributes to a rapid spread of the signal through receptors that are not
bound to the ligand, but are activated by their adjacent active dimers [36].
2.2. Regulation by the Intracellular Domain
The kinase domain, which is located in the intracellular domain, is the catalytic unit in all
RTKs. It is comprised of two subdomains, known as the N-terminal (N-) and the C-terminal
(C-) lobes (Fig. 2). The phosphate donor (ATP), as well as the substrate designated for
phosphorylation, bind in a cleft flanked by the two lobes. The ATP is held in position by a
phosphate-binding loop (P-loop), which is located at the N-lobe. The substrate is positioned
near the ATP's phosphates by the 'activation loop' located in the C-lobe. In most RTKs the
activation loop assumes a closed conformation in the inactive state, thereby preventing
substrate binding. Activation involves conformational changes and phosphorylation of the
activation loop [2, 52, 53]. These events are coupled to a concurrent movement of another
regulatory element, the C-helix located in the N-lobe, into a final conformation that is
catalytically competent. The actual catalytic process is performed by the highly conserved
catalytic loop in the base of the active site located in the C-lobe. Catalysis requires that all of
the above regulatory elements are positioned in the proper spatial arrangement.
Until recently, it was thought that the constant state of the kinase domain of the EGFR and
other ErbBs is the active conformation. This assumption was based on structural data, which
showed that although the activation loop is not phosphorylated, all of the regulatory elements
of the EGFR's kinase domain are ready for catalysis [38]. That structure concurred with
previous biochemical data showing that activation of the ErbB family is independent of their
phosphorylated state [54]. Subsequently, when the crystal structure of the EGFR in complex
with the large inhibitor GW572016 was determined, a putative inactive conformation of the
kinase domain was observed. It was suspected, however, that this conformation was induced
by the bulky inhibitor [20, 37, 55].
In contrast to the supposedly constant active conformation, biochemical data showed that
the EGFR is not constantly active in cell membranes [34]; indeed, aberrant conditions (such
as mutations in the EGFR) that lead to ligand-independent activation are known to be related
to cancer. Thus, the phosphorylation-independent activation of the EGFR [54], as well as the
lack of conformational regulation observed in the first crystal structure [38], prompted
investigators to seek regulatory elements that govern the inhibition of the EGFR within the

12

intracellular domain [20, 37, 56], including my own study [20] (the manuscript is attached as
Appendix II).

Fig. 2: Regulatory Elements in the Kinase Domain
The kinase domain of the EGFR (residues 685−957) is depicted in a yellow ribbon representation, in its inactive
(A) (PDB entry – 1gs7; [37]) and active (B) (PDB entry – 2gs6 ; [37]) conformations. Regions that are not
ordered in the crystal structures are depicted by dashed lines. Regulatory elements are depicted by different
colors: the activation loop (residues 831−852) in green, the

C-helix (residues 729−745) in brown, the

phosphate-binding loop (residues 695−700) in cyan, and the catalytic loop (residues 812−818) in purple. In
panel B, the catalytic residue Asp813 (in purple) and the ATP analog-peptide conjugate (colored by atom type:
carbon in white, nitrogen in blue, oxygen in red, phosphate in orange, and sulphur in yellow) are displayed in a
balls-and-sticks representation.

2.2.1. The Inactive State
In a recent study by John Kuriyan and his co-workers it was shown that the kinase domain of
the EGFR indeed also possesses an inherently inactive conformation [37]. Those authors
suggested that the constitutive active conformation of the EGFR that was seen in the first
crystal structure [38] was induced by intermolecular contacts within the crystal. A mutation
in the kinase domain that disrupted such contacts led to the identification and determination
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of an inactive kinase conformation [37], which was very similar to the GW572016-bound
structure [55].
The inactive conformation of the EGFR resembles those of the cytoplasmic tyrosine
kinase Src and the serine/threonine cyclin-dependent kinases (CDKs) [37]. In this state the
C-helix, together with the loop preceding it, forms contacts with the N-terminus of the
activation loop, combining this threesome in an inactive conformation (Fig. 2A). Consequent
displacement of the

C-helix and the activation loop prevents the proper positioning of

catalytically important elements (Fig. 2B). Any interference with the packing of the
activation loop against the C-helix and its preceding loop, caused for example by mutations,
would lead to increased auto-kinase activity and cell transformation [57]. These mutations
will be discussed in section 5.
The C-terminal domain serves as an auto-inhibitor via direct contacts with the kinase domain
within a dimer
By and large, ErbB signaling and part of its regulation are mediated via the C-terminal
domain. Following activation, phosphorylated tyrosines on the C-terminal domain serve as
docking sites for the subsequent proteins in the signaling cascade, as well as for regulatory
proteins that control processes such as internalization and degradation [32, 33, 58]. I recently
suggested that a fragment from the C-terminal domain of the EGFR, immediately following
the kinase domain, serves as an inherent auto-inhibitor of the receptor via its direct contacts
with the kinase domain [20].
The structures of the intracellular domain of the EGFR contain the kinase domain
(residues 672−957; amino-acid numbers throughout the text are based on mature EGFR) and
a fragment from the C-terminal domain (residues 958−995) [37, 38, 55]. According to my
earlier analyses, the kinase domain of the EGFR displays two surface patches of positive
electrostatic potential, one in the N-lobe and the other in the C-lobe, both located on the back
side of the active site [20]. On the other hand, the C-terminal fragment that is present in the
structure (residues 979−995) is highly negatively charged.
The structures of the wild-type (wt) EGFR kinase domain reveals a crystallographic
symmetric dimer in which contacts between the two kinase domains are mediated by the two
C-terminal fragments (Fig. 3) [37, 38]. Within this dimer, each kinase domain contacts the
two C-terminal fragments via its two positively charged surface patches. In addition to this
charge complementarity, my previous analyses showed that the water-accessible surface
areas between each kinase domain and the two C-terminal fragments in this complex are
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extremely large (1419Å and 1048Å for the N- and C-lobe interfaces, respectively) [20].
Moreover, although the two kinase domains in the complex barely interact directly, they are
connected via the C-terminal fragments through a network of salt bridges and hydrogen
bonds [20]. Overall, this complex appears to be extremely stable and therefore has the
potential to prevent ligand-independent activation induced by random contacts. I also
observed that one of the phosphorylation sites on the C-terminal domain (Tyr992) is buried
within the complex and is inaccessible to phosphorylation [20]. Thus, I speculated that this
complex represents an inactive form of the receptor (form 'b' in Fig. 1).

Fig. 3: The Symmetric Inactive Dimer of the Kinase Domain
Within the inactive symmetric crystallographic dimer, contacts between the two kinase domains (residues
672−966; depicted in yellow and light purple ribbon representations) are mediated by their following two Cterminal fragments (residues 982−964, depicted as space-filled atoms and colored in darker shades of the color
of the kinase domain on the same monomer). Residues on the kinase domain that are in contact with the Cterminal fragment, and whose replacement was implicated in heightened basal activity (Lys828 and Ile942) or
was found in cancer cells (Arg752), are depicted as space-filled atoms. Coordinates were taken from PDB entry
– 1gs2 [37].
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In accordance with the above model supporting the role of the C-terminal domain as an
auto-inhibitor of the EGFR, variations in the C-terminal domain in naturally occurring
retroviral oncogene variants (v-ErbB) are associated with malignant diseases because of their
increased rate of auto-phosphorylation [59-65]. More specifically, engineered deletions or
mutations in the C-terminal fragment in contact with the kinase domain in the crystal
structure display heightened catalytic activity [37, 58]. Such variations are predicted to cause
destabilization of the inhibitory interactions between the kinase and the C-terminal domains,
promoting activation [20]. Furthermore, specific replacements of four negatively charged
residues on the C-terminal fragment (residues 979−982) by their polar equivalents resulted in
higher auto-kinase activity and partial transforming phenotype [58], supporting the role of
charge complementarity in the inhibition by the C-terminal domain. Correspondingly,
substitution of alanine for the positively charged Lys828 (K828A), which participates in
intramolecular interactions with the C-terminal domain (Fig. 3), resulted in higher basal
activity of the receptor [37]. Interestingly, this residue participates in the above mentioned
polar network of interactions that mediates the contacts within the symmetric dimer [20].
These results indicate that the C-terminal domain indeed participate in inhibition via direct
interactions with the kinase domain.
It was previously suggested that the monomeric inactive state of the kinase domain is
stabilized by direct contacts between the kinase and the C-terminal domains [55]. However,
in-vitro experiments, conducted using a truncated form of the intracellular domain of the
EGFR (residues 672−998) at a low concentration that mimics the monomeric form of the
receptor, showed that the catalytic activity of the kinase domain is not altered by further
truncation of the C-terminal fragment (residues 965−998) [37]. This implies that the Cterminal fragment does not participate in stabilizing the monomeric inactive conformation.
On the other hand, at a high concentration of the EGFR that corresponds to the concentration
at which dimers are formed, truncation of the C-terminal fragments greatly increased the
inherent activity of the kinase domain [37]. Evidently, therefore, the effect of the C-terminal
fragment is manifested only when the EGFR forms dimers, corresponding to my earlier
suggestion [20]. Interestingly, a mutation (I942E) in a residue which, according to the
symmetric crystal dimer, contacts the C-terminal fragment of the adjacent monomer (Fig. 3),
led to higher basal activity of the receptor [37], supporting the biological relevance of this
dimer and its role in auto-inhibition.
Overall, the inactive state of the EGFR probably involves an intracellular dimer that might
resemble the symmetric dimer seen in crystals, as I suggested. This crystallographic complex,
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however, evidently does not play a role in the active state, as mutations in residues located on
its interfaces did not alter the ligand-induced kinase activity of the EGFR [37].
2.2.2 The Active State
The exact conformation of the active state of the intracellular domain, after eluding
investigators for years, was finally revealed by John Kuriyan and his co-workers [37]. The
crystal lattice of the EGFR includes, in addition to the symmetric dimer discussed in section
2.2.1, an asymmetric dimer [37, 38]. Through a series of comprehensive and elegant
experiments, Kuriyan and his co-workers showed that this asymmetric dimer represents the
active form of the intracellular domain, in which one kinase activates its partner [37] (forms
'e−f' in Fig. 1).
This asymmetric dimer closely resembles the complex between cyclinA and activated
CDK2 [37] in which cyclinA serves as an activator of CDK2 [66]. In the asymmetric dimer
of the EGFR, one kinase maintains contact with its partner through the C-lobe in a way that
mimics the role of cyclinA. Thus, by analogy, I refer to it as the 'activating' monomer (the
yellow kinase in form 'e' in Fig. 1). The second kinase, which forms the dimeric interface via
its N-lobe, mimics CDK2, and I therefore refer to it as the 'activated' monomer (the purple
kinase in form 'e' in Fig. 1). Interaction via the N-lobe leads to displacement of all the
regulatory elements into the catalytically active conformation.
2.3. Regulation by the Cytoplasmic Juxtamembrane Domain
The region immediately following the TM domains, termed the juxtamembrane (JM) domain
(residues 645−672), might also play a role in regulation [56, 67, 68]. An EGFR mutant that
sustained a deletion of the JM segment (residues 645−657) displayed similar basal activity to
that of the wt EGFR, but lost its ability to interact with a second EGFR molecule and to
undergo ligand-induced phosphorylation [67]. Accordingly, this region can be expected to
play a role in the active dimeric state, but not in auto-inhibition.
The JM segment carries a positive net charge and was therefore suggested to bind to the
negatively charged inner leaflet of the membrane [56]. It was further suggested that binding
of the negatively charged Ca2+/calmodulin complex would repel the JM domain from the
membrane, with subsequent possible rearrangement of the kinase domain into an active state
[56, 68]. Initial activation of the EGFR leads to a transient increase in the cellular level of
free Ca2+, thereby activating the Ca2+/calmodulin complex [56, 68]. Taken together, therefore,
these studies suggested that binding of the Ca2+/calmodulin complex to the JM domain might
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serve to amplify the initial signal by subsequently activating large numbers of additional
receptors.
2.4. Regulation by the TM Domain
The TM domain of the ErbBs is more than a passive peptide anchoring the receptors to the
membrane; it also serves as an additional layer of regulation [29]. The ErbB TM domain has
an inherent tendency to associate in the membrane in two different forms that are mediated
by two different dimerization motifs [39, 47]. Based on energy considerations, earlier
computational analysis assigned these dimerization motifs in ErbB2 to the inactive (form 'b'
in Fig. 1) and active (forms 'c−f' in Fig. 1) states and suggested that the TM dimers could
switch between these two states by rotating through 120° in a screw-like motion [39, 69].
This and other studies suggested a rotation-coupled activation mechanism in which ligand
binding induces a rotational change in the TM helices from the inactive to the active
conformation [39, 70]. The change in conformation is translated into reorientation of the
intracellular kinase domains, leading to activation (Fig. 1) [20, 39, 48, 49, 70]. This
molecular-switch model provided an explanation, at the molecular level, for known ErbB2
mutants or naturally occurring variants [39]. For example, the oncogenic mutation in the rat
ErbB2 (Neu), which is located within one of the dimerization motifs, was predicted to induce
a shift toward the active conformation and hence towards enhanced activation [39]. The
observed existence of oncogenic mutations in the TM domain further supports a regulatory
role for this domain [39].
It is interesting to note that in the predicted inactive conformation, the TM-segments
interact through the dimerization motif located at the C-terminal part of the helix, resulting in
close proximity of its intracellular ends (~9Å), as illustrated in form 'b' in Fig. 1. Rotation to
the active state, mediated by the N-terminal dimerization motif (forms 'c−f' in Fig. 1), would
impose a larger distance (~19Å) between the cytoplasmic ends of these helices [39].
Correspondingly, the N-termini of the putatively inactive intracellular dimer are much closer
to each other (~20Å; form 'b' in Fig. 1B) than in the active asymmetric dimer (~50Å; form 'e'
in Fig. 1B). In addition, switching of the TM domains to the active state brings their
extracellular ends closer to one another, which corresponds to oncoming of the extracellular
domains, and brings them closer to contact formation (forms 'c−f' in Fig. 1). Thus, in
accordance with the rotation-coupled activation mechanism, the distance between the
cytoplasmic and extracellular ends of the TM helices allows leverage that controls the
positions of the intracellular and extracellular domains, respectively.
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2.5. Regulation by the Extracellular Domain
In recent years, a growing body of structural information has led to substantial progress in
understanding the mechanisms of ErbB regulation by their extracellular domains. The ligandfree structures of the extracellular domains of EGFR [40], ErbB3 [71], and ErbB4 [72]
display a tethered auto-inhibited state, while the EGFR's ligand-bound extracellular domain
[41, 73] shows an extended conformation that allows contact formation between two subunits
(Fig. 1B). Interestingly, the 'orphan' (ligand-less) receptor ErbB2 resembles the ligand-bound
active conformation of the EGFR [74, 75].
The role of the extracellular domain in regulation of the ErbBs, excluding ErbB2, is to
impose a ligand-mediated activation [36, 76]. Correspondingly, truncation of the extracellular
domain, as seen in viral ErbB variants that are related to oncogenic transformation, leads to
ligand-independent activation of the receptors [61]. These findings also suggest that other
domains, namely the TM and intracellular parts, possess an inherent ability to interact and to
become activated.
The structure of the extracellular domain has been described in detail in a few
comprehensive reviews (e.g., [76, 77]). In brief, it comprises four subdomains, termed I−IV
(Fig. 1B). In the inactive conformation, subdomains II and IV interact to lock the structure of
the extracellular domains of ErbB-1, -3, and -4 in a tethered, putatively inactive conformation
[78] (forms 'a−b' in Fig 1B). Biochemical experiments indicate, however, that other elements
in the extracellular domain are probably also involved in the auto-inhibition [35, 79]; thus,
the available structures do not yet provide the whole story of inactivation [36]. In the
extended dimeric ligand-bound conformation, each growth-factor-ligand binds one
extracellular domain through subdomains I and III [41, 73] (form 'e' in Fig. 1B). Contacts
between the two EGFR extracellular domains are mediated solely by the receptors, mainly by
a loop (the 'dimerization arm') in subdomain II [41]. Mutations in this loop prevent ligandinduced activation [41, 73].
Measurements of the binding affinity of EGF to its receptor pointed to the existence of two
different EGFR populations on the cell surface, each with its own ligand-binding affinity [36,
76]. It was proposed that 92−95% of the receptors exhibit low-affinity binding, with a Kd of
approximately 6−12 nM. These receptors were predicted to assume the tethered conformation
of the extracellular domain, in which the two subdomains responsible for making contact
with the ligand are far apart, allowing the ligand to make contact with only one of two
interfaces [71, 76, 78]. Some 2−5% of the receptors were proposed to bind EGF with high
affinity, with a Kd below 0.1 nM, and these were considered to assume the extended
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conformation that brings the two ligand-binding subdomains closer [51, 71, 76, 78].
However, mathematical models describing the kinetics of interactions between EGF and its
receptor showed that there is no direct correlation between the conformations seen in the
crystal structures and the two different binding-affinity populations [80]. Recent findings
suggested that the low-affinity population actually corresponds to an ensemble of
conformations that are related to interconversion between the tethered and the extended forms
of the extracellular domain [35]. Conformation of the high-affinity state is less well
characterized, and are thought to involve additional elements, such as other proteins [81, 82]
(form 'd' in Fig. 1A) as well as cell-regulatory mechanisms such as endocytosis and
degradation [80]. Moreover, the high-affinity binding is totally dependent on specific regions
within the intracellular domains [35, 82, 83] (see also section 2.6.).
Overall, it seems that the low- and high-affinity binding modes, which appear
macroscopically as two distinct populations that do not interact, rather represent
interconversion between multiple conformations [82]. Some of these conformations are
presented in the dynamic equilibrium presented in Fig. 1, where each form displays its own
distinctive binding affinity and specific probability, based on its inherent stability.
Conformations that display lower affinity for the ligand are probably more stable
energetically than the higher-affinity conformations; this would explain the above
macroscopic estimation that the binding affinity of 92−95% of the receptors is low.
Nevertheless, the ligand preferably traps the less stable, high-affinity conformations. In the
high-affinity state, the specific orientation of the TM and intracellular domains probably
triggers contact formation between the monomers' extracellular domains (forms 'c−d' in Fig.
1A), although not necessarily in exactly the same manner as in the ligand-bound dimer
(forms 'e−f' in Fig. 1A) [84]. Accordingly, a recent single-molecule analysis of EGF binding
on the surface of living cells predicted that the macroscopic high-affinity population is
represented by pre-dimers, which bind EGF at a rate two orders of magnitude higher than that
of binding by the monomeric receptor [51].
As a result of ligand binding the formation of contacts between the two monomers is
further stabilized, thereby shifting the equilibrium toward the ligand-activated state [51, 76]
(forms 'e−f' in Fig. 1A). Recent findings predicted the formation of a kinetic intermediate
following binding of the first EGF and prior to binding of the second [51]. Thus, binding of
one EGF to the pre-dimer probably induces allosteric conformational changes that enhance
the binding of the second EGF, hence displaying positive cooperativity [51].
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Somatic or engineered alterations in the extracellular domain can potentially shift the
equilibrium (depicted in Fig. 1) by thermodynamically stabilizing or destabilizing specific
forms, thereby modifying the macroscopically measured ligand-binding affinity. For
example, interference with the tethered conformation by mutations would lead to a higher
average of the low-affinity binding mode, probably by shifting the equilibrium toward the
extended conformations [71, 78]. On the other hand, alterations in the dimerization interface
in the extracellular domain could destabilize contact formation and weaken the interaction
between the EGFR and EGF, eventually lowering the inherent binding affinity [79].
2.6. Interactions within the Intracellular Domains Affect Ligand-Binding Affinity
As mentioned in section 2.5, the macroscopically measured low-affinity mode of binding of
ligand to the EGFR is actually an average of the binding affinities of few different
conformations that undergo interconversion. Interestingly, this average binding affinity could
be modulated by intracellular elements, probably through shifts between conformations in the
equilibrium scheme. For example, deletion of a fragment from the C-terminal domain
(residues 984−996) resulted in an increase in the average binding affinity of the low-affinity
mode by approximately threefold [83]. A similar effect was reported for a Y992E mutation
within this region [82]. The same C-terminal fragment mediates the putatively inactive dimer
(Fig. 3) discussed in section 2.2.1. I previously suggested that deletion of this fragment would
destabilize the dimer [20] (form 'b' in Fig. 1), allowing more abundant ligand-independent
formation of the asymmetric intracellular dimer (forms 'c−d' in Fig. 1A), which displays
high-affinity binding. Overall, the effects of the mutations would result, on average, in higher
binding affinity [82, 83].
The macroscopically measured high-affinity mode, representing only 2−5% of the
receptors, probably reflects thermodynamically unstable high-affinity conformations that
undergo interconversion with the more stable low-affinity forms. A clue to the conformations
of the high-affinity state comes from engineered alterations to the receptors, where truncation
of the entire intracellular domain resulted in the complete loss of high-affinity binding [35,
85]. More specifically, two regions were described as particularly crucial for high-affinity
binding, namely the segment comprising residues 921 to 940, and the last 63 residues at the
C-terminal end of the protein. Deletion of either of these regions completely abolishes the
high-affinity binding mode [83 , 85]. It was suggested that the C-terminal end of the
intracellular domain might comprise a binding site for external regulators that stabilize a
high-affinity state [82] (form 'd' in Fig. 1A). Deletion of this region would prevent the
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formation of this high-affinity form. Interestingly, I note that the other segment related to
high-affinity binding (residues 921−940) comprises a large part of the interface within the
active dimer. That finding led me to suspect that at least some of the high-affinity
conformations could be correlated with the formation of the active asymmetric intracellular
dimer, as represented by forms 'c−d' in Fig. 1A. I suggest that deletion of this region might
disrupt the active intracellular dimer, thereby shifting the dynamic equilibrium toward loweraffinity forms. This model raises a question: does part of the high-affinity class (form 'c' in
Fig. 1A) represent a ligand-independent active state that might be responsible for the basal
activity of the receptor?
It should be emphasized that the high-affinity state is still only poorly understood and that
not all of the experimental results obtained to date in this field can be satisfactorily explained.
Accordingly, the high-affinity forms presented in Fig. 1 are provisional, and probably
represent only a fraction of the conformations comprising the high-affinity state.

3. A Multilayered Model for the Regulation of EGFR Activity
Research on EGFR regulation recently reached a critical stage, at which the accumulated
experimental data and models are converging in support of a unified mechanism of receptor
activation. In this scheme, each of the domains in the EGFR constitutes an additional level in
the regulatory mechanism. In the ligand-free state the receptors shift between multiple
monomeric and pre-dimeric forms. In the monomeric form, the kinase domain assumes an
inherently inactive conformation that prevents catalytic activity (form 'a' in Fig. 1). In the
dimeric form, the TM helical segments preferentially interact through the dimerization motif
located at the C-terminal part of the helix, resulting in close proximity of the intracellular
ends to one another, but a substantial distance between the two extracellular ends (form 'b' in
Fig. 1). In this conformation the two intracellular domains interact with one another, for
example they form the inactive crystallographic dimer in which the N-termini are close to
each other while the extracellular domains are separated. This dimeric conformation is
catalytically inactive. In both the monomeric and the dimeric inactive states (forms 'a−b' in
Fig. 1) the extracellular domain might assume either tethered or extended conformations that
undergo interconversion, each displaying its distinctive affinity for the growth factor ligands.
A small energy barrier separates the stable inactive form from the less stable active form
of the TM dimer, mediated by the C- and the N-terminal motifs, respectively [39]. Thus, I
assume that, while in the ligand-free state, the active TM dimer could be populated to some
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extent in which the cytoplasmic ends of the monomers are far apart and the extracellular ends
are close together (forms 'c−d' in Fig. 1A). This would lead to destabilization of the inactive
intracellular dimer, prompting the formation of the active asymmetric intracellular dimer in
which the N-termini are distant from one another, and hence possibly to transient activation
of the receptor (form 'c' in Fig. 1A). This state could also be stabilized by binding of
regulatory proteins (form 'd' in Fig. 1A). At the same time, the close proximity of the
extracellular ends of the TM segments would lead to contact formation between the
extracellular domains. These conformations would typify the high-affinity ligand-binding
mode.
Overall, the ligand-free state is characterized microscopically by dynamic equilibrium
between different conformations (forms 'a−d' in Fig. 1). Because the low-affinity forms
('a−b') possess greater thermodynamic stability than the high-affinity forms ('c−d'), the
equilibrium results in what is macroscopically measured as a large population of receptors
displaying a low-affinity binding mode. On the other hand, receptors that assume the highaffinity forms ('c−d') are responsible for what appears macroscopically as a small population
of high-affinity receptors.
Although contact formation between the extracellular domains in the ligand-free state
(forms 'c−d' in Fig. 1A) induces high-affinity binding, these forms do not necessarily
resemble the ligand-bound dimers (forms 'e−f' in Fig. 1A) [84]. Binding of the growth factor
ligand stabilizes an active extracellular domain dimer (depicted by exposure of the
dimerization arm in forms 'e−f' in Fig. 1). This in turn stabilizes the active conformation of
the TM helical pair that promotes stable formation of the active intracellular dimer. Because
this intracellular dimer is asymmetric, it could presumably be composed of two possible
monomeric orientations (forms 'e−f' in Fig. 1). Overall, the equilibrium is strongly shifted
toward the catalytically active state.

4. Are all ErbBs Regulated in the Same Way?
The ErbB family is ubiquitously distributed throughout the animal kingdom. There are four
family members in vertebrates, whereas invertebrates have only one. The first gene
duplication, in the early divergence of the vertebrates, generated the ErbB1/ErbB2 and
ErbB3/ErbB4 precursors, each of which underwent a second gene duplication event to
generate the four receptors present in vertebrates [30]. The unique sequence of each of these
four isoforms dictates their particular regulation and signaling. Some examples are described
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below. The presence of only one ErbB isoform in invertebrates implies that most aspects of
its regulatory mechanisms differ from those in vertebrates [30]. Thus, I focus on the
evolutionary conservation of ErbBs in species that diverged after the generation of four
isoforms.
4.1. Regulation of the Ligand-less ErbB2 via the Extracellular Domain
ErbB2 is unique among the ErbBs in that it lacks the layer of inhibitory regulation, which is
provided by the extracellular domain and imposes ligand-induced activation. Ligand-free
ErbB2 assumes the extended, otherwise ligand-bound conformation of the EGFR [74, 75].
Accordingly, the extracellular domain of ErbB2 exhibits sequence variations in residues that
participate in inter-subdomain interactions stabilizing the tethered conformation and which
are conserved in ErbB-1, -3 and -4. Moreover, ErbB2 undergoes additional inter-subdomain
interactions that mimic ligand-mediated contacts in the other ErbBs. Correspondingly,
conserved residues that participate in ligand binding in other ErbBs are replaced in ErbB2 by
residues that can participate in the inter-subdomain interactions [76]. Regardless of the
constantly extended conformation of its extracellular domain, ErbB2 does not show a
tendency to form homodimers. This might be due to electrostatic repulsion by negative
charges on the predicted interface [76]. Nevertheless, ErbB2 efficiently forms heterodimers
with other ErbBs [86]. Like ErbB2, ErbB3 is also reluctant to form homodimers, even in
response to its ligand, neuregulin [87]. Nevertheless, neuregulin readily induces the formation
of the most prevalent and highly efficient ErbB3−ErbB2 heterodimers [86].
4.2. Regulation of the Kinase-Dead ErbB3 via its TM Domain
As mentioned above, the TM segments of most ErbBs display two dimerization motifs and it
was suggested that they correspond to the active and inactive conformations [39].
Interestingly, the kinase-dead ErbB3 contains only the dimerization motif that corresponds to
the active state according to this suggestion [39]. Thus, ErbB heterodimers that contain
ErbB3 have probably lost the layer of negative regulation imposed by the TM domains and
hence more readily favor the active conformation. Together with the loss of regulation in the
extracellular domain of ErbB2, this could explain the observation that ErbB2−ErbB3
heterodimers are extremely potent [86].
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4.3. Regulation by the Intracellular Domain
4.3.1. Loss of Intramolecular Regulation in ErbB3
The monomeric inherent inactive conformation of the kinase domain is stabilized by packing
of the activation loop against the C-helix and its preceding loop [37], for example via
contacts between residues Ile735 and Leu837 and between Met742 and Leu834 (Fig. 4B). It
is interesting to note that these residues, which are putatively important for the packing, show
some variation in ErbB3 (Fig. 4C), whereas they are conserved among other ErbBs.
Mutations in these positions have also been found to correlate with malignancy, presumably
because of destabilization of the active state; this is discussed further in section 5.1.1.
Overall, my structural and sequence analyses suggest that there are fewer constraints on
stabilization of the inherent inactive conformation of the kinase domain of ErbB3 than of
other ErbBs. This observation is consistent with the reported lack of intramolecular activity in
the kinase-dead ErbB3 [86]. Nevertheless, one have to take into account the activation of
another ErbB member by heterodimerization with ErbB3. Accordingly, as described below,
the regulation imposed by intermolecular interactions (e.g., via formation of an inactive
intracellular dimer) is still maintained in ErbB3.
4.3.2. Negative Regulation of All ErbBs by an Inactive Intracellular Dimer
The symmetric and presumably inactive crystallographic EGFR dimer (Fig. 3) shows charge
complementarity between the kinase and the C-terminal domains at the interfaces, as
described in section 2.2.1. The positively charged residues on the interfaces in the kinase
domain are highly conserved in all four ErbBs. Accordingly, my previous analyses, based on
predicted structures, demonstrated that all of the human ErbBs display positively charged
patches at the corresponding regions [20]. Evolutionary conservation analyses and
electrostatic calculations show that those interfaces are not common to other tyrosine kinases
[20]. In addition, the C-terminal fragment in contact with the kinase domain in the crystal
structure in all ErbBs contains mostly negatively charged residues, even though the entire Cterminal domain is not generally conserved [30]. This implies that the electrostatic
complementarity between the kinase domain and the C-terminal fragment might be important
for controlling the activity of homo- and heterodimers in the entire ErbB family.
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Fig. 4: Destabilizing Mutations in Regulatory Regions
The kinase domain of the EGFR (residues 685−957) is depicted in a yellow ribbon representation. Regulatory
elements are depicted by different colors: the activation loop (residues 831−852) in green, the C-helix (residues
729−745) in brown, the phosphate-binding loop (residues 695−700) in cyan, and the catalytic loop (residues
812−818) in purple. A disordered region within the activation loop is depicted by a dashed curve. Residues
shown by mutagenesis to be crucial for stabilizing the inherent inactive conformation of the kinase domain of
the EGFR are depicted as space-filled atoms. (A) Active kinase domain of the EGFR (PDB entry – 2gs6; [37]).
(B) Inactive kinase domain of the EGFR (PDB entry – 1gs7; [37]). (C) Model of the catalytically inactive kinase
domain of ErbB3. (D) Scheme illustrating alterations of the regulatory model (shown in Fig. 1A) by mutations,
e.g., in residues Ile735, Met742, Leu834, and Leu837, which are shown in panels A−B. The mutations
(indicated by red stars) cause destabilization of the inherent inactive conformation, leading to the formation of
an active kinase domain whose phosphorylation is independent of the ligand or intermolecular contacts (form
a*). Binding of ligand induces formation of the active dimer (forms e*−f*) that can potentially phosphorylate in
trans and hence further increase the rate of auto-phosphorylation.

4.3.3. Functional and Structural Asymmetry of the Active State
The active state of the intracellular domain is characterized by formation of an asymmetric
dimer of the kinase domains, in which one monomer activates the other [37]. It was
previously shown that ErbB heterodimers could phosphorylate in trans, i.e., that the active
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monomer could phosphorylate its neighbor within the dimer, as for example in the apparent
phosphorylation of the kinase-dead ErbB3 by its partner [32]. Phosphorylation of both
kinases would necessitate a switch between the orientations of the two subunits (illustrated by
the transition between forms 'e' and 'f' in Fig. 1A). The structural asymmetry implies that at
any given time only one of the kinases is catalytically active (represented by the purple
kinase in form 'e' in Fig. 1) and can phosphorylate the C-terminal domain of its partner,
namely the activating monomer (represented by the yellow kinase in form 'e' in Fig. 1).
Interestingly, some ErbB heterodimers show preference for the formation of a specific
orientation within the asymmetric dimer, as discussed further below.
The kinase-dead ErbB3 favors the role of activating monomer
In heterodimers that include ErbB3, only one direction of interaction, in which ErbB3 is the
activating subunit, is functionally productive. Evolutionary conservation analysis of the
ErbBs suggests that the interface of the activating monomer within the asymmetric dimer
(yellow kinase in form 'e' in Fig. 1) is conserved among all four ErbBs. In contrast, most
residues comprising the interface of the activated monomer (purple kinase in form 'e' in Fig.
1) are conserved only in ErbB-1, -2, and -4, while ErbB3 shows sequence variations.
Presumably, therefore, an interface in which ErbB3 assumes the position of the activated
subunit is energetically less stable.
ErbB2 favors the role of activating monomer within EGFR−ErbB2 heterodimers
Generally speaking, ErbB2 requires a catalytically active EGFR for its signaling, both in
normal and in cancerous conditions [88, 89]. Within EGFR−ErbB2 dimers the EGFR is
mostly found in the position of the active monomer (purple kinase in form 'e' in Fig. 1) that
phosphorylates the C-terminal domain of ErbB2 (yellow kinase in form 'e' in Fig. 1), leading
to cellular signaling that is specific to ErbB2. Accordingly, signal transduction mediated by
ErbB2 is blocked by the EGFR-specific kinase inhibitor gefitinib [90, 91].
ErbB2, uniquely among ErbBs, possesses an additional layer of regulation, mediated by
molecular chaperones (primarily Hsp90) that normally help to stabilize the receptor on the
cell surface [92]. Hsp90 binds to ErbB2 and restrains ErbB-signaling by limiting its
formation of heterodimers with other ErbBs, which would require the stripping of Hsp90
[92]. Binding of Hsp90 to ErbB2 is mediated through the loop that follows the C-helix, and
specifically within residues Gly776−Ser783 [92]. I noted that this region is located close to
the asymmetric active dimer's interface, which is contributed by the N-lobe of the activated
monomer (purple kinase in form 'e' in Fig. 1). Accordingly, I suggest that binding of Hsp90
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prevents the formation of active dimers in which ErbB2 is the active monomer. This would
lead to the preferential formation of EGFR−ErbB2 heterodimers in which EGFR is activated
by ErbB2 and phosphorylates it, as reflected in the empirical results described above. It is
interesting to note that alteration in the Hsp90-binding loop, as in a certain oncogenic mutant
discussed in section 5.1.4, changes the normal orientation within EGFR−ErbB2 dimers.
Binding of Hsp90 to the active dimerization interface also provides an explanation at the
molecular level of the reluctance of ErbB2 to form homodimers.
Overall, the above findings elegantly manifest the asymmetry in the ErbBs' function
within heterodimers and its importance for normal signaling. This functional asymmetry can
now be clarified by the structural asymmetry of the active state observed by Kuriyan and coworkers [37].

5. Role of the ErbB Family in Pathologies
Aberrant activation of the ErbBs has been described mostly in relation to cancer [31, 93].
However, activation of the EGFR was found to be related also to kidney lesions, and ErbB4
and its ligand neuregulin-1 are involved in the pathogenesis of schizophrenia. Moreover, both
EGFR and ErbB2 bind to and are activated by viruses and bacteria, which is a requirement
for the pathogens' biological activity [33]. All of the above ErbB-associated pathological
processes require activation of the receptors. Deficiency of ErbBs would be extremely
damaging and even lethal to the developing embryo, which is presumably why it is not
observed clinically.
5.1. ErbBs and Cancer
EGFR is highly expressed in many cases of non-small cell lung cancers (NSCLC) (88–99%)
[94], head and neck cancers (80%) [95], and gliomas (40%), as well as in some pancreatic
and breast tumors [32, 96]. Amplification and over-expression of ErbB2 have been
demonstrated in 20–25% of breast cancers and also occur, albeit at lower frequencies, in
lung, pancreatic, colon, endometrial and ovarian cancers [32, 97]. Accordingly, the ErbB
family has become an attractive target for anticancer therapy [98].
Regardless of its frequent involvement in cancers, over-expressed EGFR is still dependent
on its ligand, EGF, for activation [57, 99]; over-expression in itself is not prognostic of
survival in NSCLC [94]. Correspondingly, regardless of the high percentage of EGFR
involvement in NSCLC, only a small fraction of patients benefit from treatment with specific
EGFR kinase inhibitors. Mutations were recently detected in the kinase domain of the EGFR
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in these patients [100, 101], and proved to be oncogenic, i.e., to increase the receptor's basal
kinase activity [57, 94, 99, 102, 103]. I suggest that these findings are related to the fact that
random contact formation, induced by over-expression, is not by itself sufficient to provoke
activation, although, statistically speaking, it probably increases the amount of active
receptors within the cell. More prominent effects on activation are probably displayed by
mutations that have the potential to alter the inherent activity of the receptor or to shift the
dynamic equilibrium in Fig. 1 toward the active state.
Numerous mutations in ErbB family members have been detected in tumor tissues. For
example, mutations in EGFR were found to occur in approximately 20% of lung cancers
[104]. Mutations in ErbB2 have been reported in lung cancers, although at lower rates than
EGFR mutations (1−4%) [97, 105-111], as well as in gastric, colorectal and breast cancers
[109]. The mutations found in the EGFR and ErbB2 appear to be mutually exclusive, as they
have never been found together in individual tumors or cell lines [104, 105, 112].
Interestingly, most of the alterations found in ErbB2 overlap with the analogous structural
regions of those found in the EGFR [97], suggesting that they are functional [105].
Correspondingly, some of the prevalent mutations in EGFR and ErbB2 have been
experimentally examined and found to be oncogenic (these mutations are listed in Table 1).
However, the functional effect of rarer alterations (listed in Table 2) is less clear [105].
Recently, mutations in ErbB4 were also detected in NSCLC, as well as in gastric, colorectal
and breast carcinomas, although at lower frequencies (1−3%) than mutations in the EGFR
[111].
In the following sections I use the regulation model shown in Fig. 1A to suggest molecular
interpretations, based on structural and evolutionary considerations, of the effect of known
cancer-causing mutations. I use the same framework to predict the possible effects of other
ErbB mutations found in cancer cells that have not been characterized experimentally (listed
in Table 2).
5.1.1. Missense Mutations in the Regulatory Activation Loop
In the inactive state of the EGFR, the activation loop (residues 831−852) is packed against
the C-helix (residues 729−745) and its preceding loop (residues 723−728) such that the
elements needed for catalysis are misplaced (Fig. 2). Destabilization of the packing will cause
a shift toward the activated state of the kinase domain. Such an effect is indeed predicted for
the oncogenic mutations L834R, which represents 41−43% of the mutations in lung cancers,
and for L837Q (L858R and L861Q in pre-mature EGFR numbering, respectively) [104, 112].
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L834R and L837Q are located on the activation loop and participate in hydrophobic
interactions with the C-helix in the inactive conformation (Fig. 4B), while in the active
conformation they are quite exposed to the solvent (Fig. 4A). Correspondingly, mutations in
these residues lead to a ligand-independent activation [57, 94, 99, 102, 103], probably via
destabilization of the inactive monomeric state. In accordance with clinical findings, both
EGFR mutants are more sensitive than the wt to inhibition by specific kinase inhibitors,
which preferentially bind to the active conformation of the kinase domain [94, 99-103]. This
further suggests that the mutants preferentially assume the active conformation. Furthermore,
neither L834R nor L837Q appears to impair the maximal response to EGF [57], implying that
the conformation of the mutants' kinase domain could be fully competent for catalysis.
The ligand-free state of the EGFR is characterized by interconversion between several
conformations, each displaying a different binding affinity for the growth factors (Fig. 1A).
Because the lower-affinity conformations are probably more energetically stable than the
higher-affinity conformations, macroscopic measurements of binding affinities point to large
and small populations of low- and high-affinity receptors, respectively, as discussed in
section 2.5. I previously noted that alterations in EGFR can potentially affect the overall
activity and ligand-binding affinity of the receptor by interference with the dynamic
equilibrium depicted in Fig. 1. Mutations such as L834R and L837Q, which destabilize the
inactive monomeric conformation of the kinase domain, are expected to induce monomers
having ligand-independent, catalytically competent kinase domains that are sufficient to
transduce signals (form a* in Fig. 4D). In addition, the L834R mutation displays
approximately twofold higher affinity for EGF in what was macroscopically measured as the
low-affinity binding mode [57]. Microscopically, this mutation probably shifts the dynamic
equilibrium in the ligand-free state toward higher-affinity forms. Nevertheless, the EGFR
mutants could not entirely mimic the ligand-bound active state because binding of the ligand
further increased auto-phosphorylation of the receptor [57]. This latter event is probably
related to further stabilization of active dimers by the binding of the ligand; these dimers
could phosphorylate in trans (forms 'e−f' in Figs. 1A and 4D).
Interestingly, similarly to the EGFR, other kinases also displayed substitutions in the
positions corresponding to Leu834 and Leu837 (Table 1). Overall, the high frequency of
mutations in these two positions points to their crucial importance for regulation. A
reasonable assumption is that EGFR alterations that destabilize the inherent inactive state of
the kinase domain are likely to be oncogenic. Correspondingly, it is interesting to note that
mutations in additional residues that contribute to packing of the activation loop in the
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inactive state, for example I735A and M742A located on the C-helix (Fig. 4B), show robust
elevated basal activity in vitro, although they were not detectable in tumor cells [57].
The importance of the mutation-bearing residues is reflected also in the pattern of their
substitution during evolution of the ErbB family. Leu837 is conserved as a hydrophobic
residue, mostly leucine. However, similarly to the L837Q mutant found in human tumors,
two oncogenic viral variants of the EGFR also display replacement by glutamine in this
position, further pointing to a correlation between mutations in this residue and malignancy.
Its neighbor, Leu834, is totally conserved in all catalytically active ErbBs, indicative of its
important role. However, this position is substituted to valine or isoleucine in the kinase-dead
ErbB3 (Val855 in human ErbB3; Fig. 4C). Similarly, the positions corresponding to Ile735
and Met742, which display other activating mutations mentioned above, are unique to ErbB3.
Specifically, Met742 is conserved as methionine in all ErbBs, except for ErbB3 in some
species that contain isoleucine or valine (Ile763 in human ErbB3; Fig. 4C). In addition,
whereas the catalytically active ErbBs display large hydrophobic residues (such as
phenylalanine, methionine, leucine, and isoleucine) in the position corresponding to Ile735,
this position in the kinase-dead ErbB3 is occupied by valine, a smaller residue (Val756 in
human ErbB3; Fig 4C). It is interesting to note that this position is also occupied by valine in
two oncogenic variants of EGFR found in spiketail (Xiphophorus xiphidium} and southern
platyfish (Xiphophorus maculates), relating this substitution to the unstable inactive state.
Overall, ErbB3 displays fewer hydrophobic contacts between the C-helix and the activation
loop than the other ErbBs. For example, the contacts between Ile735 and Leu837 as well as
between Met742 and Leu834 within the EGFR (Fig. 4B) are lost in ErbB3 (Fig. 4C).
Together, these findings lead me to suggest that the inactive conformation of the kinase
domain of ErbB3 is less stable than in the other ErbBs isoforms, and that it might even
assume a constantly active conformation.
5.1.2. Mutations in the Phosphate-Binding (P)-Loop
G695S (G719S in the pre-mature EGFR numbering) is another mutation that displays
heightened basal activity and is found in cancer patients [57, 94, 99, 103]. Gly695 is the first
glycine in the G-X-G-X-X-G motif in the P-loop of the kinase domain, which determines the
position of ATP during catalysis (Fig. 5), and accordingly is conserved in the ErbBs as well
as in other tyrosine kinases. Nevertheless, the G695S mutation does not impair the maximal
response to EGF, and thus allows the proper positioning of the catalytic elements to be
preserved [57]. The P-loop does not display noticeable conformational changes between the
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active and inactive conformations of the kinase domain. Thus, in contrast to residues in the
activation loop and the C-helix, Gly695 does not appear to participate in stabilizing the
inactive conformation. The mutation might exert an effect by directly influencing the
phosphate transfer reaction via lowering of the dissociation rate of ATP (as well as that of
ATP-analog inhibitors). Accordingly, G695S is more sensitive than the wt EGFR to ATPanalog EGFR kinase inhibitors [99, 103]. However, because the inhibitors display higher
affinity for the active conformation, G695S is probably less sensitive to the inhibitors than
the L834R and L837Q mutations that induce a ligand-independent active form. Overall, I
expect the G695S mutation to increase the catalytic efficiency, but not to interfere with the
dynamic equilibrium in the model of Fig. 1. Experimental results indeed show that G695S
does not alter the binding affinity for the ligand [57].

Fig. 5: Mutations in the Phosphate-Binding Loop
The kinase domain of the EGFR (residues 685−957) is depicted in a yellow ribbon representation. Regulatory
elements are depicted by different colors: the activation loop (residues 831−852) in green, the C-helix (residues
729−745) in brown, the phosphate-binding loop (residues 695−700) in cyan, and the catalytic loop (residues
812−818) in purple. Position 695 is displayed in a balls-and-sticks representation. (A) The wt EGFR (PDB entry
– 2gs6 ; [37]). (B) Model of the G695S mutant found in cancer cells.
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5.1.3. Mutations at the Interface of the Active Asymmetric Dimer
Substitutions of alanine or glycine for Glu685 (709 in the pre-mature EGFR numbering) have
been reported in lung cancers [113, 114]. Like the other missense mutations, E685G also
shows increased basal auto-phosphorylation and a heightened sensitivity to EGFR kinase
inhibitors such as gefitinib [94]. Interestingly, Glu685 is located on the N-lobe of the EGFR
as part of the interface on the activated monomer within the asymmetric dimer (purple kinase
in Fig. 6). This interface is important for activation of the catalytically active ErbBs, but is
irrelevant for the kinase-dead ErbB3 [37], as discussed in section 4.3.3. Accordingly, Glu685
is conserved within the catalytically active ErbBs, but not in some species of ErbB3. I
suggest that the E685G mutation might further stabilize the formation of the active dimer by
shifting the dynamic equilibrium model of EGFR towards the active forms (e.g. form 'c' in
Fig. 1A), leading to an increase in basal activity. Another possibility is that within
heterodimers comprising EGFR, mutations at the interface might change the native
orientation of the monomers by altering the roles of the activating and the activated
monomers (see section 4). The resulting modification in signal transduction could also lead to
oncogenic transformation (for an example see section 5.1.4).

Fig. 6: Mutation at the Interface of

the

Intracellular Active Dimer
The asymmetric active dimer of the kinase domain
(colored yellow and purple) of the EGFR (residues
685−967; PDB entry – 1m17; [38]) is depicted in a
ribbon representation. Glu685, located on the
activated monomer (in light purple), is depicted as a
red sphere. This residue is substituted in some cancer
cells.

5.1.4. Mutation in the C-helix and its Surrounding Regions
EGFR Exon19 deletions in the N-terminus of the C-helix and its preceding loop
In addition to the missense mutations discussed above, other oncogenic variations in the
EGFR correspond to different deletions within residues 722−735 in exon19. As with the
former mutations, when tested in vitro such deletions show increased basal activity compared
to wt EGFR [57, 94, 99, 102], as well as higher sensitivity to EGFR kinase inhibitors [94, 99,
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100, 102]. The region displaying the deletions constitutes the loop preceding the C-helix and
its N-terminus, which participate in interactions with the activation loop in the inactive
conformation (Fig. 7A). The crystal structure of the inactive conformation of the kinase
domain [37] indeed displays pronounced rigidity in this region, in contrast to the marked
flexibility observed in the active conformation [37, 38]. Thus, such deletions are predicted to
lead to destabilization of the inactive conformation of the kinase domain and to an increase in
basal activity, similarly to the L834R and L837Q mutations discussed in section 5.1.1.
I note that although the deletions destabilize inhibitory interactions, the maximal catalytic
activity was diminished [57], probably because the C-helix is involved in mediating the
active intracellular dimer (Fig. 7C). Accordingly, the

L723-P729insS mutant (a 723−729

deletion together with insertion of a serine residue) was shown to abolish the high-affinity
binding mode and reduce the low-affinity binding mode by twofold [57] (see section 2.5 for
discussion of ligand-binding affinity). This corresponds to destabilization of the active
intracellular dimer constituting the high-affinity forms (forms 'c−d' in Fig. 1A), and results in
a general shift toward lower-affinity states.
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Fig. 7: Deletions in Exon19 in the EGFR
(A−B) The kinase domain of the EGFR (residues 685−957), in the inactive (A) (PDB entry – 1gs7; [37]) and
active (B) (PDB entry – 2gs6 ; [37]) conformations, is depicted in a yellow ribbon representation. Regulatory
elements are depicted by different colors: the activation loop (residues 831−852) in green, the C-terminus of the
C-helix (residues 736−745) in brown, the phosphate-binding loop (residues 695−700) in cyan, and the catalytic
loop (residues 812−818) in purple. The region showing deletions in cancer cells (residues 722−735; displayed in
a balls-and-sticks representation) is colored red. Residues comprising the activation loop are also displayed in a
balls-and-sticks representation. Interactions between the region showing deletions in cancer cells (red) and the
activation loop (green) in the inactive state (A) are noticeable. (C) The asymmetric dimer of the kinase domains
(the monomers are colored yellow and light purple) of the EGFR (residues 685−957; PDB entry- 1m17; [38]) is
depicted in a ribbon representation. The region showing deletion in cancer cells (residues 722−735) is colored
red in the activated (purple) monomer.
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Insertions of exon 20 in the loop following the C-helix
Exon 20 insertions have been detected both in the EGFR and in ErbB2, and were shown to be
activating alterations. They are discussed in the following sections.
Exon20 insertions within the EGFR destabilize the inactive dimer
In contrast to the EGFR alterations discussed above, the exon20 insertion mutations have not
been reported in the group of clinical responders to EGFR kinase inhibitors. Nevertheless,
they were detected in few recent large-scale studies [94, 95, 113, 114], and reportedly
account for 3.7−5% of the mutations in lung cancers [104, 112]. The insertions were detected
in the C-terminus of the C-helix and the region following it, within residues 744−749. One
such insertion, D746insNPG, i.e., insertion of residues Asn-Pro-Gly following Asp746
(Asp770 in pre-mature EGFR numbering), was tested in vitro and showed heightened basal
activity [99]. In contrast to the previously discussed mutations and in accordance with clinical
findings, this insertion mutant was remarkably insensitive to the EGFR kinase inhibitors
gefitinib and erlotinib; it was more sensitive, however, to treatment with the irreversible
inhibitor CL-387,785 [99], which is covalently bound to EGFR in residue C773 [115].
The region following the C-helix forms an exposed loop on the kinase domain. This loop
displays similar orientations in the active and inactive states, and is not predicted to play a
role in stabilizing the monomeric inactive state. Nevertheless, it is located close to the
interface of the symmetric, putatively inactive, crystallographic dimer of the kinase domain
(see section 2.2.1), facing the equivalent loop from the second monomer (Fig. 8). My
prediction of the structure of the D746insNPG alteration showed clashes between insertions
within the symmetric dimer (Fig. 8), possibly leading to destabilization of the inactive form
(form 'b' in Fig. 1), and prompting activation by increasing the fraction of receptors in the
active form. The mechanism leading to insensitivity to the inhibitors is not yet clear.

Fig. 8: Insertions in Exon20 in the EGFR
The intracellular symmetric inactive dimer (PDB
entry – 1m17; [38]) is depicted in a ribbon
representation. The two kinase domains are colored
yellow and light purple and their following C-terminal
fragments are depicted as orange and purple tubes,
respectively. (A) wt EGFR; Asp746 is depicted in
space-filled atoms. (B) Model of the EGFR D746insNPG mutant. Residues comprising this insertion are
depicted as space-filled atoms. Clashes within the inactive dimer, resulting from the insertion, are noticeable.
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Exon20 insertions in ErbB2 alter orientation within EGFR−ErbB2 heterodimers
The most prevalent ErbB2 alterations found to date in cancer cells are insertions in exon20.
These insertions were found within residues 774−783 of ErbB2, corresponding to residues
742−751 of the EGFR [95, 97, 105-107, 110, 116]. The most common of these alterations,
G776insYVMA, was recently shown to exhibit a more potent auto-catalytic activity than wt
ErbB2 [91]. Interestingly, this insertion is located within the binding site of Hsp90 [92].
In section 4.3 I discussed functional asymmetry within EGFR−ErbB2 heterodimers,
wherein ErbB2 is preferentially the activating monomer and makes contact with the EGFR
via its C-lobe (the yellow kinase in form 'e' in Fig. 1). The EGFR in turn takes on the role of
activated monomer and phosphorylates ErbB2, leading to specific signal transduction. This
orientation is probably imposed by binding of Hsp90 to the dimerization interface on the Nlobe of ErbB2 [92] (see section 4.3.2). Alterations in the Hsp90 binding loop, as in the
G776insYVMA mutant, probably prevent the binding of Hsp90 and enable ErbB2 to interact
with the EGFR via its N-lobe. As a result, ErbB2 preferentially assumes the role of the
activated monomer (the purple kinase in form 'e' in Fig. 1). Correspondingly, experiments
have shown that in contrast to wt ErbB2, the G776insYVMA mutant phosphorylates its
heterodimeric partner EGFR in a manner that does not require a catalytically active EGFR.
Accordingly, in contrast to the situation in wt dimers, this activation was blocked by direct
ErbB2 inhibitors such as trastuzumab, lapatinib, and CI-1033, but not by the EGFR-specific
kinase inhibitors erlotinib or gefitinib [91]. In addition, binding of Hsp90 restrains cellular
signaling by ErbB2 [92], indicating that the kinase activity of the insertion mutant is more
potent than that of the wt [91].
I note that an additional contribution prompting formation of the active dimer by the
mutation might be related to destabilization of the inactive dimer, as in the case of exon20
insertions within the EGFR. Interestingly, heterodimers constituting the EGFR and the
G776insYVMA ErbB2 mutant do not respond to ligand binding, and do not require contact
formation between their extracellular domains [91]. It seems likely that the association of
ErbB2 via its N-lobe to the EGFR's C-lobe is energetically stable and that, together with a
probable loss of control by the inactive dimer, it could preferentially occur via random
contacts. Under normal conditions, this interaction is prevented mainly by binding of Hsp90
to the dimerization interface and the formation of an inactive dimer.
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The S744I mutation at the C-terminus of the C-helix
Another residue that undergoes substitution in tumor cells is Ser744, located at the C-terminal
end of the C-helix. Compared to the wt, the S744I mutant displays heightened basal kinase
activity and greater sensitivity to EGFR kinase inhibitors such as gefitinib [94]. In contrast to
mutations in the activation loop and the C-helix, which are buried inside the hydrophobic
core and thereby stabilize the inactive conformation, Ser744 is relatively exposed to the
solvent. The effect, therefore, is probably not related to destabilization of the inherent
inactive conformation.
Ser744 is conserved in ErbBs except for ErbB2, in which a glycine residue occupies this
position (Gly776 in human ErbB2). This region in ErbB2 indeed displays the unique ability,
found in the ErbBs, to bind Hsp90 [92]. Interestingly, an equivalent G776S mutation in
ErbB2 was found in gastric tumors [97]. The equivalent locations of the EGFR-S774G and
ErbB2-G776S mutations might point to a common molecular effect. Because this position is
close to the interfaces of the active dimer, the mutation might contribute to alteration of the
native orientation within active asymmetric heterodimers, as in the ErbB2 exon20 insertions
discussed above.
5.1.5. Mutations Found in Tumor Cells that have not been yet analyzed In Vitro
A large set of mutations has been found to exist in tumor cells. Those occurring more
frequently have been analyzed in vitro for their effects on kinase activity, as discussed in
sections 5.1.1−5.1.4. The oncogenic nature of other mutations of the EGFR, ErbB2, and
ErbB4 has not yet been established. Based on the structural locations of these residues and
their evolutionary conservation patterns within the ErbB family, I offer (Table 2) a prediction
as to the nature of their substitutions, i.e., whether it is likely to be damaging or neutral. Some
examples are provided below.
The R752C mutation in the EGFR is predicted to be damaging
R752C (residue 776 in the pre-mature EGFR numbering) was found as a second mutation to
L834R in patients with lung tumors sensitive to the EGFR kinase inhibitor erlotinib [101].
Arg752 is conserved in ErbBs and is located at the interface of the symmetric, putatively
inactive crystallographic dimer (Fig. 3). This residue, which is connected by a salt bridge to
Asp990 located on the C-terminal domain, plays a role in the polar network stabilizing the
dimer (see section 2.2.1). Thus, this mutation is predicted to lead to destabilization of the
inactive dimeric state. Interestingly, a mutation in the corresponding residue of ErbB4
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(R782Q) [111] was also reported in cancer cells, supporting my assumption that these
mutations are indeed oncogenic.
The L723F mutation in the EGFR is predicted to be damaging
The L723F mutation (residue 747 in the pre-mature EGFR numbering) is observed in lung
cancers [117]. Residue Leu723 is located in the loop preceding the C-helix, at the beginning
of the exon19 deletions found in cancer patients, and is in contact with the activation loop in
the inactive state, i.e., with residues Leu834, Leu837, and Leu838 (Fig. 9). Leu723 is
conserved in all the ErbBs except the kinase-dead ErbB3, in which this position is occupied
by isoleucine, and which probably exhibits a constant active conformation of the kinase
domain (see section 5.1.1). In view of its conservation pattern and structural location, I
predict that the Leu723 mutation might participate in destabilizing the inactive state of the
kinase domain, similarly to the exon19 deletions and other missense mutations in the Chelix and activation loop. Interestingly, the corresponding residue in ErbB2 (Leu755) also
displays substitutions in cancer cells [97, 107, 110], suggesting that these mutations are
indeed oncogenic.

Fig. 9: A Predicted Oncogenic Mutation
The kinase domain of the EGFR (residues 685−957) in the
inactive conformation (PDB entry – 1gs7; [37]) is depicted in a
yellow ribbon representation. Regulatory elements are depicted
by different colors: the activation loop (residues 831−852) in
green, the C-helix (residues 729−745) in brown, the phosphatebinding loop (residues 695−700) in cyan, and the catalytic loop
(residues 812−818) in purple. The disordered region in the crystal
structures is depicted by a dashed line. Leu723, which was found
to be mutated in cancer cells, is depicted in space-filled atoms. In
this inactive conformation Leu723 interacts with Leu834,
Leu837, and Leu838 on the activation loop (depicted in green
space-filled atoms). I predict that the L723F substitution leads to
destabilization of the inactive conformation.

The N857S mutation in ErbB2 is predicted to be neutral
The ErbB2 N857S mutant (corresponding to Gln825 in EGFR) was reported in an ovarian
tumor [97]. A model of ErbB2 predicted that Asn857 is located in a loop on the back side of
the catalytic site and is exposed to the solvent. This position shows evolutionary variation in
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ErbBs. Based on analyses of evolutionary conservation and structural location, I predict that
substitution of the mutation N857S is neutral in its effect.

6. Methods
6.1. Evolutionary Conservation Analysis of the ErbB Family
Sequences of the kinase domain of ErbB isoforms from various species were collected from
the UNIPROT database [118] and the NR database from NCBI, using PSI-BLAST [119]. The
resulting 306 sequences were aligned using MUSCLE [120]. Fragmented or redundant
sequences were removed from the alignment. In addition, sequence variants and mutants
were discarded, along with proteins sequenced by a whole-genome shotgun project, because
they are viewed as preliminary data. The resulting multiple sequence alignment (MSA)
contained 48 sequences of ErbBs from vertebrates and invertebrates. The invertebrate
sequences were removed, and an MSA of 36 ErbBs from vertebrates (and viruses) was used
to calculated evolutionary conservation scores using a Bayesian method [121] as
implemented in the ConSurf web-server (http://consurf.tau.ac.il/) [5].
6.2. Structure Prediction and Analyses
The structures of the kinase domains of ErbB2, ErbB3, and mutants found in cancer cells
were modeled on the basis of the structure of the kinase domain of the EGFR (PDB entry –
1m17; [38]) using the NEST program [22] with default parameters. The solvent-accessible
area was calculated using the SURFV program with a probe sphere of radius 1.4 Å and
default parameters [9].
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7. Tables
7.1. Table 1: Oncogenic mutations in EGFR and ErbB2, found in cancer
cells and characterized in vitro

Mutation

Cited
Report

Functional and
Structural
Characterization

Experimental
Results

Notes

EGFR Alterations
Missense Mutations in the EGFR
E685X
(E709X)
X=
[A,G,K,H]

Mutations
in Glu685
were
reported in
lung cancer
[113, 117].

Mutations in Glu685
increased the basal
activity of the EGFR
and its sensitivity to
EGFR kinase
inhibitors [94].

Glu685 is located on
the interface of the
active asymmetric
dimer, and is
predicted to stabilize a
specific active dimeric
form or change the
native interactions
between the activated
and activating
monomers within the
dimer.

Mutations in Gly695
increased the basal
and EGF-induced
activity of the
EGFR, its oncogenic
potential at the
cellular level, and its
sensitivity to EGFR
kinase inhibitors [57,
94, 99, 102, 103].

Gly695 is the first
glycine within the
GXGXXG motif in
the phosphate-binding
loop (P-loop). The
mutation might exert
its effect by directly
influencing the
phosphate transfer
reaction via lowering
the dissociation rates
of ATP (and of ATPanalog inhibitors).
Accordingly, G695S
is more sensitive than
the wt EGFR to ATPanalog EGFR kinase
inhibitors [99, 103].
However, probably
because the inhibitors
display higher affinity
for the active

E685H was
found as a
second
mutation to
Leu834 or
to Gly695
[114].
G695X
(G719X)
X = (A, C, S,
D)

Mutations
in Gly695
were
reported in
lung cancer
[95, 100,
117, 122].

Mutations showed
no evidence of
impairing the
maximal EGF
response or altering
the binding affinity
for EGF [57].
We note that the
effects were seen
only with stable
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Mutations in
Gly695
represent
3%−4% of
mutations in
lung cancers
[104, 112].
Of patient
who sustained
this mutation,
56%
responded to
treatment
with EGFR
kinase
inhibitor
[104].
A mutation in
the
corresponding
residue in the

S744I
(S768I)

S744I was
reported in
lung cancer
[95, 101].
S744I was
also
reported as
a second
mutation to
G719C/S
[113].

L834X
(L858X)
X = [R,M]

L834R was
reported in
lung cancer
[95, 100,
101, 106,
113, 117,
122].
L834M
was
reported in
lung cancer
[117].

expressions of the
mutant.

conformation, G695S
is less sensitive to the
inhibitors than the
L834R and L837Q
mutations that induce
a ligand-independent
active form.

B-raf Ser/Thr
kinase
(Gly463) was
detected in
cancer cells
and was
oncogenic in
vitro [123].

Compared to the wt,
S744I displayed
increased basal
kinase activity and
greater sensitivity to
EGFR kinase
inhibitors such as
gefitinib [94].

Ser744 is located at
the C-terminus of the
C-helix. Because this
position is close to the
interface of the active
dimer, the effect of the
mutation may be
related to alteration in
the native orientation
within active
asymmetric heterodimers.

The
corresponding
residue in
ErbB2
(Gly766) also
undergoes
substitutions
in cancer cells
[97],
suggesting
that these
mutations are
indeed
oncogenic.

L834R increased
basal and EGFinduced activity of
the EGFR, its
oncogenic potential
at the cellular level,
and its sensitivity to
EGFR kinase
inhibitors [57, 94,
99, 102, 103].

L834R is located on
the activation loop. It
is predicted to cause
destabilization of the
inactive conformation
of the kinase domain.

L834R
accounts for
41%−43% of
the mutations
in lung
cancers [104,
112].
Of the patient
who sustained
this mutation,
71%
responded to
treatment
with EGFR
kinase
inhibitor
[104].

L834R did not
appear to impair the
maximal EGF
response. However,
its affinity for EGF
in the low-affinity
binding mode was
twofold greater than
that of the wt [57].
We note that the
effects were seen
only with stable
expressions of the
mutants.
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A mutation in
the
corresponding
residue in the
B-raf Ser/Thr
kinase
(Leu596) was
detected in
cancer cells
and was
oncogenic in
vitro [123].

L837Q
(L861Q)

L837Q was
reported in
lung cancer
[100, 106,
113, 117].

L837Q increased the
basal and EGFinduced activity of
the EGFR, its
oncogenic potential
at the cellular level,
and its sensitivity to
EGFR kinase
inhibitors [57, 94].
L837Q did not
appear to impair the
maximal EGF
response [57].

L837Q is located on
the activation loop. It
is predicted to cause
destabilization of the
inactive conformation
of the kinase domain.

The
corresponding
residue in
ErbB2
(Leu869) also
undergoes
substitutions
in cancer cells
[109],
suggesting
that this
mutations are
indeed
oncogenic.
Also,
mutations in
the
corresponding
positions in
the B-raf
Ser/Thr
kinase
(Val599), the
murine
(D814V)
[124] and
human
(D816V/H)
[125] c-Kit
tyrosine
kinase, and
the C-fms
tyrosine
kinase
(D802V)
[126] were
detected in
cancer cells
and were
oncogenic invitro [123,
124, 126].
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In-Frame Deletions in Exon19 in the EGFR
E722−A726
( E746−A75
0)

L723−S728
( L747−S75
2)

Reported
in lung
cancer [95,
100, 101,
113, 114,
122].

L723−P729
insS
( L747−P75
3insS)

Reported
in lung
cancer
[101].
Reported
in lung
cancer
[100].

L723−E725
_A726P
( L747−E74
9_A750P)

Reported
in lung
cancer
[99].

S728−I735
( S752−I759
)

Reported
in lung
cancer
[114, 122].

The deletions
increased the basal
and EGF-induced
activity of the
EGFR, its oncogenic
potential at the
cellular level, and its
sensitivity to EGFR
kinase inhibitors [57,
94, 99, 102].
L723-P729insS
and S728-I735
showed substantially
reduced maximal
levels of EGFinduced autophosphorylation
[57].

We note that the
effects were seen
only with stable
expressions of the
mutants.

The deletions in
exon19 are located
in the loop
preceding the Chelix and its Nterminus.
They are predicted
to cause
destabilization of
the inactive
conformation of
the kinase domain.
However, the
deletions would
also compromise
both the
catalytically
competent
conformation of
the kinase domain
and the interactions
within the active
intracellular dimer,
leading to reduced
ligand-induced
activity.

Exon19 deletion
accounts for
44%−48% of
mutations in
lung cancers
[104, 112].
Of the patient
sustaining these
deletions, 84%
responded to
treatment with
EGFR kinase
inhibitor [104].

In-Frame Insertions/Duplications in Exon20 in the EGFR
D746insNPG
(D770insNP
G)

Reported
in lung
cancer
[94].

The insertion
increased the basal
activity of the
EGFR.
This mutant was
remarkably
insensitive to
gefitinib and
erlotinib. Consistent
with this result, all
three lung
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The insertions in
exon20 are located
in the loop
following the Chelix. This loop is
located close to the
interface of the
symmetric,
putatively inactive
crystallographic
dimer of the kinase

Overall exon20
insertions
account for
3.7%−5% of the
alterations in
lung cancers
[104, 112].

adenocarcinoma
patients with known
exon20 insertion
mutants of EGFR
failed to show a
clinical response to
treatment. However,
the mutant was
sensitive to
treatment with an
irreversible inhibitor,
CL-387,785[99].

domain, facing the
equivalent loop
from the second
monomer. The
insertions are
predicted to cause
destabilization of
the inactive form.
The mechanism
causing
insensitivity to the
inhibitors is not yet
clear.

ErbB2 Alterations
In-frame Insertions/Duplications in Exon20 in ErbB2
G776insYV
MA
(Ser744 in
the EGFR).

Insertions
following
residue
Gly776
were
reported in
cancer
cells [91,
105, 107,
110, 116].

G776insYVMA
showed more potent
autocatalytic activity
than wt ErbB2 [91].
Heterodimers
constituting the
EGFR and the
G776insYVMA
ErbB2 mutant did
not respond to ligand
binding; moreover,
they did not require
contact formation
between their
extracellular
domains [91].

These insertions
are located within
the binding site of
Hsp90 [92], and
close to the
interface of the
asymmetric active
dimer of the kinase
domain.
Binding of Hsp90
restrains the
activity of ErbB2,
probably because
of interference with
formation of the
asymmetric active
dimer in which
ErbB2 contacts the
second monomer
via its N-lobe.
The alterations
probably affect the
active dimeric
state. Specifically,
they alter the native
orientation of the
monomers within
the heterodimer
such that, in
contrast to the wt
dimer, ErbB2 is the

45

The most
prevalent ErbB2
alterations found
to date in cancer
cells are
insertions in
exon20. These
insertions were
detected within
residues
774−783 of
ErbB2, which
correspond to
residues
742−751 of the
EGFR [95, 97,
105-107, 110,
116].

activated monomer
that phosphorylates
the EGFR.

Table 1: Alterations in EGFR are classified into three groups: missense mutations,
exon19 deletions, and exon20 insertions. Alterations in ErbB2 comprise only an insertion
in exon20. Positions of the mutations in the mature EGFR are indicated (numbering in
pre-mature EGFR is in parenthesis). For the mutation in ErbB2, the corresponding
residue in the mature EGFR is indicated in parenthesis.
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7.2. Table 2: Mutations in EGFR, ErbB2, and ErbB4, detected in cancer
cells but not yet characterized in-vitro.

Mutation

Cited
Report

Functional and
Structural
Characterization

Predicted Effects

EGFR Alterations
Missense Mutations in the EGFR
G700S (G724S)

Reported in lung
cancer [117].

Gly700 is located on the
P-loop within the glycinerich motif. It is conserved
in ErbB and tyrosine
kinases in general.

G700S is predicted to
display a similar effect to
that of the G695X
mutation, which increases
catalytic activity. The
mutation might enhance
catalysis.
We note that the
corresponding position in
the B-Raf Ser/Thr kinase
(G468A) was also found to
be mutated in cancer cells
[123].

E710K (E734K)

Reported in lung
cancer [117].

Glu710 is located close to
the interface within the
active asymmetric dimer
contributed by the N-lobe.
This residue could be
involved in a salt-bridge
with the second monomer.

E710K could have an
effect on the active dimeric
state.

This position is conserved
as aspartate or glutamate
residues in ErbBs from
vertebrates.
L723F (L747F)

Reported in lung
cancer [117].

Leu723 is located at the
loop preceding the Chelix, at the beginning of
many exon19 deletions
found in cancer patients.
It forms contacts with the
activation loop in the
inactive state and with the
C-helix in the active
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The mutation might be
involved in destabilization
of the inactive state of the
kinase domain, like the
exon19 deletions and other
missense mutations in the
C-helix and activation
loop.
We note that the

state.
Leu723 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays isoleucine in this
position.

corresponding residue in
ErbB2 (Leu755) also
undergoes substitutions in
cancer, suggesting that
these mutations are indeed
oncogenic.
The exceptional residue
occupying this position in
ErbB3 might point to a less
stable inactive state of the
kinase domain in ErbB3.

R724P (R748P)

Reported in lung
cancer by [117].

Arg724 is located on the
loop preceding the Chelix. However, its side
chain faces the solvent
and does not participate in
the inactive hydrophobic
packing of the kinase
domain.

Predicted to be
polymorphic, according to
the evolutionary
conservation analysis and
structural location.

It is not conserved in the
ErbBs, not even within
the same ErbBs in
different species.
V745X (V769X)
X = [M, L]

H749R (H773R)

V745L was
reported together
with S744I
(S768I) on the
same sequence
[114].

Val745 is located at the
end of the C-helix, but
does not participate in the
packing with the
activation loop in the
inactive state.

V745M was
reported together
with an in-frame
deletion in
exon19 on the
same sequence
[113].

Conserved as a
hydrophobic residue
within the ErbBs, mostly
as valine, leucine, and few
methionine residues.

H749R was
reported together
with W731Stop
in patients who
did not respond
to EGFR kinase
inhibitors. [113].

The position
corresponding to H749R
in ErbBs from vertebrates
is occupied by histidine or
tyrosine. It is also
conserved in tyrosine
kinases as histidine,
tyrosine, or asparagine
residues.
It is substituted for
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Because this residue is
located in a regulatory
element the mutation
might be damaging,
although the mild nature of
the substations weakens
this prediction.
Nevertheless, the fact that
the corresponding residue
in ErbB2 (Val777)
undergoes similar
substitutions in cancer
cells points to the
oncogenic nature of these
mutations.
Because of its conservation
pattern in tyrosine kinases
and ErbBs, and its close
proximity to an essential
residue, this mutation is
predicted to be damaging.
However, the nature of the
effect is not yet known.

arginine in an oncogenic
viral EGFR variant.
His749 is located spatially
close to Lys799, which
was shown to be essential
for EGFR function [37].
R752C (R776C)

R752C was
reported as a
second mutation
to L834 or
G695X [101,
114].

Arg752 is located on the
interface of the
symmetric, putatively
inactive dimer. It is
conserved in ErbBs from
vertebrates.

R752C might participate in
destabilization of the
inactive dimeric
conformation, leading to
heightened basal activity.
We note that the
corresponding residue in
ErbB4 also undergoes
substitution in cancer cells,
suggesting that these
mutations are indeed
oncogenic.

Q763R (Q787R)

Reported in lung
cancer [117].

Gln763 is conserved in
ErbBs from vertebrates
and is buried within the
protein in both the active
and the inactive
conformations.

Because of its conservation
pattern in ErbBs and its
structural location, Q763R
is predicted to be
damaging. However, the
nature of the effect is not
yet known.

T766M (T790M)

Reported in lung
cancer [117].

Thr766 is located in the
ATP-binding pocket, and
contacts the ATP-analog
in the crystal structure
[38]. It is conserved in
ErbBs from vertebrates.

T766M is responsible for
at least half of the acquired
resistance to EGFR kinase
inhibitors such as gefitinib
and erlotinib.
Substitution of a bulkier
residue, such as
methionine, for threonine
is thought to sterically
hinder the binding of these
drugs (reviewed in [104]).
A mutation in the
corresponding residue in
the ABL1 tyrosine kinase
(T315I) is also related to
an acquired resistance in
ABL1, (reviewed in
[104]).
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L809V (L833V)

L809V was
reported in lung
cancer [117].
L809V was also
reported as a
second mutation
to H811L [113].

Leu809 is located close to
the activation loop and
C-helix in the inactive
conformation, and
contacts Phe832 from the
conserved DFG motif
[127].
Leu809 is conserved as a
leucine residue in all
ErbBs except ErbB3,
which displays
methionine in this
position. A methionine in
this position is also
displayed by a viral
variant of the EGFR.

V810L (V834L)

V810L was
reported in lung
cancer [117].

Val810 interacts with
residues from the
conserved catalytic loop
(residues 811−813). In the
inactive conformation it is
packed directly against
Arg812.
Val810 is largely
conserved in ErbBs.

H811L (H835L)

H811L was
reported in lung
cancer [101].

His811 is a part of the
conserved catalytic loop
(residues 811−813;
Asp813 is the proton
acceptor catalytic
residue).

L809V might participate in
destabilization of the
hydrophobic packing in the
inactive conformation of
the kinase domain.
The exceptional residue
occupying this position in
ErbB3 might point to a less
stable inactive state of the
kinase domain in ErbB3.

The mutation might
stabilize the active state of
the catalytic loop in the
kinase domain.
We note that the
corresponding residue in
ErbB2 (Val842) also
undergoes substitution in
cancer cells, suggesting
that these mutations are
indeed oncogenic.
The evolutionary
conservation and location
of His811 suggest that
mutation in this position
would be damaging.
However, the nature of the
effect is not yet known.

His811 is totally
conserved in ErbBs and
tyrosine kinases.
L814V (L838V)

A815T (A839T)

L814V was
reported in lung
cancer as a
second mutation
to L834R [113].

Leu814 follows the
conserved catalytic loop
(residues 811−813).

A815T was
reported in lung
cancer [113].

Ala815 follows the
conserved catalytic loop
(residues 811−813).

Leu814 is conserved in
ErbBs and is completely
buried within the protein.
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Because of the
conservation pattern and
structural location of this
residue, the mutation is
predicted to be damaging.
However, the nature of the
effect is not yet known.
Because of the
conservation pattern and
structural location of this
residue, the mutation is

K822R (K846R)

K822R was
reported in lung
cancer [113].

Ala815 is conserved in
ErbBs and is completely
buried within the protein.

predicted to be damaging.
However, the nature of the
effect is not yet known.

Lys822 is located on the
interface of the
crystallographic
symmetric dimer involved
in the polar network
within the complex.

K822R might lead to
destabilization of the
inactive dimer.

Lys822 is conserved in
ErbBs from vertebrates.
G849E (G873E)

G849E was
reported in lung
cancer [117].

Gly849 is located on the
activation loop.
Gly849 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays a glutamate
residue in this position (as
in the mutant).

G849E might lead to
destabilization of the
inactive state of the kinase
domain.
Glutamate was previously
shown to mimic a
phosphate in the activation
loop, leading to activation.

In-Frame Deletions in Exon19 in the EGFR
722−727 insA
( 746−751insA)

Reported with
V769M [113].

722−727 insI
( 746−751insI)

Reported by
[101].

722−728 insV
( 746−752insV)

Reported by
[95].

722−728 insD
( 746−752insD)

Reported by
[113].

723−726insP
( 747−750insP)

Reported by
[114].

723−727
( 747−751)

Reported by
[113, 114].

723−727insS
( 747−751insS)

Reported by
[100].

723−728
( 747−752)

Reported by
[101, 114].

The exon19 deletions are
located in the loop
preceding the C-helix
and in its N-terminus.
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Exon19 deletion accounts
for 44%−48% of mutations
in lung cancers [104, 112].
Of the patient sustaining
these deletions, 84%
respond to treatment with
EGFR kinase inhibitors
[104].
These deletions are
predicted to have a similar
effect to those tested in
vitro (such as L723P729insS), which show
increased basal activity
and enhanced transforming
potential [57], probably
because of destabilization
of the inactive
conformation of the kinase
domain.

723−728 insQ
( 747−752insQ)

Reported by
[101].

723−729insS
( 747−753insS)

Reported by
[100].

720insKIPVAI
(744insKIPVAI)

Reported by
[114].

Located on a -strand in
the N-lobe.

This is an unexpected
insertion in exon19. The
effect of this mutation
could not be predicted.

In-Frame Insertions/Duplications in Exon20 in the EGFR
D737insEAFQ
(D761insEAFQ)

Reported by
[113, 114].

A743insTLA
(A767insTLA)

Reported by
[114].

Dup744-746
(Dup768−770)

Reported by
[95].

V745insASV
(769insASV)

Reported by
[114].

D746insNPG
(D770insNPG)

Reported by
[94].

D746GinsY
(D770GinsY)

Reported by
[114].

Dup747−749
(Dup771−773)

Reported by
[95].

The exon20 insertions are
located in the C-terminus
of the C-helix and its
following loop.

Exon20 insertions
constitute 3.7%−5% of
alterations in lung cancers
[104, 112].
Exon20 insertions, like the
wt EGFR, are sensitive to
EGFR kinase inhibitors
[104].
All of these insertion are
predicted to show
increased basal activity
and enhanced transforming
potential, similar to the
D746insNPG alteration
tested in vitro [99].
Nevertheless, the
molecular effects of these
insertions might differ,
depending on their exact
location. For example,
insertions C-terminal to
residue 746 are predicted
to interfere with the
interface of the symmetric,
putatively inactive dimer.
On the other hand,
insertions located at the Cterminus of the C-helix
might participate in
destabilization of the
inactive state of the kinase
domain. Alternatively,
because the C-helix
constitutes the interface of
the active dimer, these
insertions might have an
effect dimer formation.
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ErbB2 Alterations
Missence Mutations in ErbB2
K724N
(Lys692 in the
EGFR)

K724N was
reported in
gastric cancers
[109].

A model of ErbB2, based
on the EGFR, predicted
that Lys724 is exposed to
the surface and is located
close to the interface of
the symmetric putatively
inactive dimer.
Lys724 is conserved in
ErbBs from vertebrates.

Lys724 might be important
in the electrostatic
complementarity between
the kinase and the Cterminal domains within
the symmetric dimer.
Therefore, the mutation
might lead to
destabilization of the
inactive dimeric state.

T733I
(Thr
in the
EGFR)

T733I was
reported in
gastric cancers
[109].

Thr733 is located within
the glycine-rich motif on
the P-loop. It is conserved
in ErbBs from vertebrates.

T733I might affect the
phosphate transfer
reaction.

L755X
X= [P, S]
(Leu723 in the
EGFR)

L755P was
reported in lung
cancer [95, 97,
107].

A model of ErbB2, based
on the EGFR, predicted
that Leu755 is located at
the loop preceding the
C-helix.

The corresponding
position to ErbB2's L755
in the EGFR is L723,
which was also detected in
cancer cells. (See above
for analysis of this
position.)

L755S was
reported in
gastric and breast
cancers [109].

D769H
(Asp737 in the
EGFR)

D769H was
reported in lung
and gastric
cancers [108,
109].

Leu755 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays isoleucine in this
position.
A model of ErbB2, based
on the EGFR, predicted
that Asp769 is located at
the C-helix, on the
interface of the
asymmetric dimer. The
residue faces toward the
solvent, not toward the
hydrophobic packing with
the activation loop.

D769H is predicted to
affect formation of the
active dimer.

Asp769 is conserved in
ErbBs from vertebrates.
V773A
(Val741 in the
EGFR)

V773A was
reported in
carcinoma of the
head and neck
[128].

A model of ErbB2, based
on the EGFR, predicted
that Val773 is located in
the C-helix, facing
toward the protein. It is
buried in the active
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Because of its location on
a regulatory element and
its unique pattern of
substitution, we predict
that Val773 is functionally
important and that its

conformation, contacting
a conserved motif at the
N-terminus of the
activation loop.

substitution could be
damaging. However, the
nature of the effect of the
substitution is not yet
known.

Val773 is conserved as a
valine residue in the
EGFR and ErbB2 and as
an isoleucine residue in
ErbB4. In ErbB3 the
corresponding position is
mostly occupied by
alanine (or serine in two
fish orthologs).
G776S
(Ser744 in the
EGFR)

G776S was
reported in
gastric tumors
[97].

A model of ErbB2, based
on the EGFR, predicted
that Gly776 is located at
the C-terminus of the Chelix.

The position
corresponding to ErbB2's
Gly766 in the EGFR is
Ser744, which was also
found to be mutated in
cancer cells and was
shown to increase the basal
activity of the receptor.
(See Table1 for analysis of
this position.)

V777X
X= [L, M]
(Val745 in the
EGFR)

V777L was
reported in lung,
colorectal and
gastric cancers
[107, 109].

A model of ErbB2, based
on the EGFR, predicted
that Val777 is located at
the end of the C-helix.

The position
corresponding to ErbB2's
Val777 in the EGFR is
Val745, which was also
detected in cancer cells.
(See above for analysis of
this position.)

A model of ErbB2, based
on the EGFR, predicted
that Gln799 is located on
the interface of the
symmetric putatively
inactive dimer, contacts
the C-terminal domain,
and participates in the
polar network of
interactions across the
dimer.

Q799P is predicted to lead
to destabilization of the
inactive dimeric state.

V777M was
reported in
colorectal
cancers [109].
Q799P
(Gln
in the
EGFR)

Q799P was
reported in
gastric cancer
[109].

Gln799 is conserved in
ErbBs as a glutamine
residue.
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V842I
(Val810 in the
EGFR)

V842I was
reported in
colorectal cancer
[109].

A model of ErbB2, based
on the EGFR, predicted
that the location of
Val842 is close to the
conserved catalytic loop.

The position
corresponding to ErbB2's
Val842 in the EGFR is
Val810, which was also
detected in cancer cells.
(See above for the analysis
of this position.)

N857S
(Gln825 in the
EGFR).

N857S was
reported in an
ovarian tumor
[97].

A model of ErbB2, based
on the EGFR, predicted
that Asn857 is located on
a loop on the back side of
the catalytic site and is
exposed to the solvent.

Based on the evolutionary
conservation analysis and
its structural location,
N857S is predicted to be a
neutral mutation.

Asn857 is not conserved
in ErbBs.
L869Q
(Leu
in the
EGFR)

L869Q was
reported in
gastric cancer
[109].

A model of ErbB2, based
on the EGFR, predicted
that Leu869 is located on
the activation loop.

The position
corresponding to ErbB2's
Leu869 in the EGFR is
Leu837, which was also
detected in cancer cells and
was shown to increase the
basal activity of the
receptor. (See above for
the analysis.)

R896C
(His864 in the
EGFR)

R896C Was
reported in breast
cancer [109].

A model of ErbB2, based
on the EGFR, predicted
that Arg896 is located on
a loop and is exposed to
the surface.

Based on the conservation
analysis and its structural
location, this mutation is
predicted to be neutral in
its effect.

This residue is not
conserved in ErbBs, but is
evolutionarily variable.
E914K
(Glu882 in the
EGFR)

E914K was
reported in
glioblastoma
[97].

A model of ErbB2, based
on the EGFR, predicted
that Glu914 is located on
a helix in the C-lobe. It is
relatively buried in a
hydrophobic environment,
yet participates in forming
an H-bond with the
nitrogen of W856.
Glu914 is conserved in
ErbBs.
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Based on the evolutionary
conservation analysis this
mutation is predicted to be
damaging; however, the
nature of the effect is not
yet known.

In-frame Insertions/Duplications in Exon20 in ErbB2
774insAYVM (742
in the EGFR)

Reported in lung
cancer [97, 116].

775insYVMA (743
in EGFR)

Reported in lung
cancer [106].

G776XinsC
(744 in EGFR)

G776VinsC was
reported in lung
cancer [95].
G776LinsC was
reported in lung
cancer [105,
116].

X = [L, V]

776-779insYVMA
(S744−N747 in
EGFR)

Reported in lung
cancer [105,
107].

779-781ins VGS
(747−749 in EGFR)

Reported in lung
cancer [97].

781−783insGSP
(749−751 in EGFR)

Reported in lung
cancer [105].

The insertions are located
on the C-terminus of the
C-helix and its following
loop and are close to the
interface of the symmetric
dimer.

All of these insertion are
predicted to increase the
basal activity and enhance
transforming potential,
similar to the
G776insYVMA ErbB2
mutant [91] and the
D746insNPG EGFR
mutant [99] tested in vitro.
Nevertheless, the
molecular effects of these
insertions might vary.
The loop following the Chelix in ErbB2 is known to
bind Hsp90, which plays a
role in restraining the
activity of ErbB2,
probably due to
interference with formation
of the asymmetric active
dimer in which ErbB2
contacts the second
monomer va its N-lobe.
The alterations might have
an effect on the active
dimeric state.On the other
hand, the two insertions
that are located following
residue 778 in ErbB2 (746
in the EGFR) might
participate in
destabilization of the
inactive dimeric state.
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ErbB4 Alterations
Missense Mutations
V721I
(Ile691 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Val721 is located on the
interface of the
symmetric, putatively
inactive dimer, close to
Asp1012 (Glu981 in the
EGFR) from the Cterminal domain.

This mutation is predicted
to lead to destabilization of
the inactive dimeric state,
although this prediction is
weakened by the mild
nature of the mutations.

Val721 is conserved as a
hydrophobic residue in
ErbBs from vertebrates. It
is substituted for an
aspartate residue in two
oncogenic EGFRs from
southern platyfish
(Xiphophorus maculates)
and spiketail platyfish
(Xiphophorus xiphidium).

A773S
(Ala743 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Ala773 is located on the
C-helix, on the interface
of the asymmetric active
dimer. It faces outward,
contacting Ile949 (Ile917
in the EGFR) from the
second monomer.
Ala773 is conserved in all
ErbBs except for ErbB3
orthologs that contain a
glycine residue.
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It is predicted to affect the
formation of the active
dimeric state.
The exceptional residue
occupying this position in
ErbB3 might be related to
the fact that ErbB3
probably does not form
asymmetric heterodimers
via its N-lobe (thereby
acting as the activated
monomer). Therefore,
there is no evolutionary
constraint in this position
within ErbB3 orthologs, as
opposed to the catalytically
active ErbBs. This further
indicates that the mutation
in this residue in ErbB4
might have an effect on
functionality.

R782Q
(Arg752 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Arg782 is located on the
interface of the
symmetric, putatively
inactive dimer.

The position
corresponding to ErbB4's
Arg782 in the EGFR is
Arg752, which was also
detected in cancer cells.
(See above for analysis of
this position.)

E810K
(Glu780 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Glu810 is located on the
surface of the protein,
where it is exposed to the
solvent.

Because of the unique
conservation pattern of this
position in the ErbBs, we
predict that the mutation is
damaging and will lead to
enhanced activation.

Glu810 is conserved in
ErbBs from vertebrates,
except for ErbB3, which
displays a glutamine
residue in this position.
This position is also
substituted for glutamine
in oncogenic EGFRs from
southern platyfish (X.
maculatus) and spiketail
platyfish (X. xiphidium).

P854Q
(Pro824 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Pro854 is located on the
surface of the kinase
domain; close to the
interface with the Cterminal domain. The
proline residue causes a
turn in the structure
between two -strands.

Because of the unique
conservation pattern of this
position in the ErbBs and
its structural location, we
predict that the mutation is
damaging and will lead to
enhanced activation.

Pro854 is conserved in all
ErbBs from vertebrates,
except for ErbB3 from
fish, which contain an
aspartate residue in this
position.
D861Y
(Asp831 in the
EGFR)

Reported by
[111].

Asp861 is part of the
conserved DFG motif
[127] at the N-terminus of
the activation loop and is
crucial for catalysis.
Asp861 is conserved in
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Because of the pattern of
conservation and the
structural location of this
residue, the mutation is
predicted to be damaging.
However, the nature of the
effect is not yet known.

E872K
(Glu842 in the
EGFR)

Reported by
[111].

ErbBs and in tyrosine
kinases in general.
In a model of ErbB4
based on the EGFR,
Glu872 is located on the
activation loop.
Glu872 is conserved as a
glutamate or aspartate
residue in ErbBs from
vertebrates.

T926M
(Ala896 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Thr926 is located on the
surface of the protein, and
is exposed to the solvent.

Because of the pattern of
conservation and the
structural location of this
residue, we predict that the
mutation is damaging.
However, the nature of the
effect is not yet known.

Based on the conservation
analysis and the structural
location of this residue, the
mutation is predicted to be
neutral.

Thr926 is not conserved
in ErbBs.

In-Frame Insertions/Duplications in Exon20 in ErbB4
G802insGGC
(Gly772 in the
EGFR)

Reported by
[111].

In a model of ErbB4
based on the EGFR,
Gly802 is located on a
strand preceding the first
helix in the C-lobe, in
contact with the ATP
analog [38].

Gly802 might be important
for ligand binding and for
catalysis. The insertion is
predicted to be damaging,
but the nature of the effect
is not yet known.

Gly802 is conserved in
ErbBs and is also largely
conserved in tyrosine
kinases in general.

Table 2: Alterations in EGFR are classified into three groups: missense mutations,
exon19 deletions, and exon20 insertions. Alterations in ErbB2 and ErbB4 include
missense mutations and exon20 insertions. For alterations in EGFR, positions of the
mutations in the mature EGFR are indicated (numbering in pre-mature EGFR is in
parenthesis). For mutations in ErbB2 and ErbB4, the corresponding residue in the mature
EGFR is indicated in parenthesis.

59

Chapter 2: Model Structure of the Na+/H+ Exchanger 1:
Functional and Clinical Implications
This chapter is based on a published manuscript (Landau et al. (2007) JBC 282(52)
37854-63)

Abstract
Eukaryotic Na+/H+ exchangers are transmembrane proteins that are vital for cellular
homeostasis and play key roles in pathological conditions such as cancer and heart
diseases. Using the crystal structure of the Na+/H+ antiporter from Escherichia coli
(EcNhaA) as a template, I predicted the 3-dimensional structure of the human Na+/H+
exchanger 1 (NHE1). Modeling was particularly challenging because of the extremely
low sequence identity between these proteins, but the model-structure is supported by
evolutionary conservation analysis and empirical data. It also revealed the location of the
binding site of NHE inhibitors; which my colleagues and I validated by conducting
mutagenesis studies with EcNhaA and its specific inhibitor 2-aminoperimidine. The
model structure features a cluster of titratable residues that are evolutionarily conserved
and are located in a conserved region in the center of the membrane; I suggest that they
are involved in the cation binding and translocation. I also suggest a hypothetical
alternating-access mechanism that involves conformational changes.
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1. Introduction
Sodium/hydrogen transporters are ubiquitous transmembrane (TM) proteins that transport
Na+ and H+ ions across the membrane, and are therefore imperative for vital cellular
processes such as regulation of cellular pH, cell volume, and ion composition [129]. The
mammalian Na+/H+ exchanger (NHE) family of transporters includes nine isoforms
(NHE1 through NHE9), of which NHE1 is the most widely expressed. Following
allosteric activation by intracellular acidification, NHE1 exchanges extracellular Na+ for
intracellular H+ with Na+:H+ stoichiometry of 1:1 [130]. NHE1 is inhibited by amiloride
and its derivatives and by benzoyl guanidium compounds such as cariporide [129].
Structurally, NHE1 is predicted to include two distinct domains: a TM N-terminal region
of ~500 amino acids that is involved in ion translocation and drug recognition, and a
cytoplasmic regulatory C-terminal domain of nearly 300 residues [131, 132]. The
cytoplasmic domain includes the H+ sensor and also serves to mediate regulation by other
molecules or ions.
NHE1 is associated with many pathological conditions that include cancer as well as
heart, vascular, gastric, and kidney diseases [129, 130]. For example, the activity of
NHE1 is primarily involved in the damage inflicted on the human myocardium during
and following a myocardial infarction, and accordingly, NHE1 inhibitors were shown to
be beneficial during ischemia and reperfusion [129]. In addition, NHE1 plays a role in
tumor growth by reversing the pH gradient in malignant cells, a phenomenon known as
‘malignant acidosis’, which is a key step in oncogenic transformation [129]. Therefore,
NHE1 inhibitors can potentially serve as anti-cancer drugs [129].
NhaA, the main Na+/H+ antiporter in Escherichia coli (EcNhaA), is indispensable for
bacterial growth in alkaline pH (in the presence of Na+) and for adaptation to high
salinity [133]. EcNhaA is an electrogenic antiporter extracting one Na+ ion from the cell
in return for inward current of two protons following cellular alkalization [133]. The
function of EcNhaA is specifically inhibited by 2-aminoperimidine (AP), a guanidinecontaining naphthalene derivative with some similarity to the NHE1 inhibitor amiloride
[134]. The 3-dimensional (3D) structure of EcNhaA was recently determined, and found
to comprise 12 TM segments [23].
The bacterial EcNhaA and eukaryotic Na+/H+ exchangers play similar roles in
controlling pH and electrolyte homeostasis, and have been suggested to share a common
ancestor and a similar structural fold [129, 135]. Thus, my working hypothesis was that
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EcNhaA can be utilized as a template to predict the structure of the TM domain of NHE1.
However, the proteins share very low sequence identity of about 10%, and it is not a
simple matter to align their sequences and to predict the structure of NHE1 based on that
of EcNhaA [136]. In this study, by using a fold-recognition approach, I obtained a 3D
model of NHE1. Notably, the membrane topology of this model structure differs from the
one that was suggested on the basis of hydrophobicity scales and cysteine accessibility
analysis [137]. Reasons for the differences are discussed below.
My model of NHE1, which is supported by both phylogenetic and empirical data,
incorporates the binding pocket of clinically important NHE inhibitors. This allowed me
to locate the binding site of the AP inhibitor within the EcNhaA structure by site-directed
mutagenesis. Finally, the integration of empirical data with the new structural model
allowed me to suggest an alternating-access mechanism of the Na+/H+ exchange in
molecular detail (Fig. 1A).
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Fig. 1. A Suggested Na+/H+ Exchange Mechanism of NHE1
(A) State 1 represents an inactive conformation, and the exchange cycle (states 2-5) illustrates putative
conformational changes in the TM domain that follow activation by cellular acidification. The cycle
involves dynamic equilibrium between conformations 2 and 5, in which the cation-binding site is accessible
to the cytoplasm, and conformations 3 and 4, in which it is accessible to the extracellular matrix. The
changes are mediated by the TM4−TM11 assembly and may also involve rotation of TM8 and exposure of
Ser351 to the extracellular funnel (indicated in states 3 and 4). The cycle allows the transport of cations
across the membrane via an alternating-access mechanism. In state 2, low pH promotes the entrance of a
proton to the cytoplasmic funnel, probably attracted by the acidic Glu262, and the protonation of Asp267.
The low pH also induces conformational changes, leading to the transfer of the proton from the cytoplasmic
funnel to the extracellular funnel (state 3). In accordance with the chemical gradient of both cations, the
proton is exchanged for sodium ion in the extracellular matrix, perhaps via Ser351 (state 4). Finally,
movements to the alternative conformation (state 5), allows the replacement of sodium by a proton at the
cytoplasmic side (state 2), again in accordance with their chemical gradients. The continuance of the cycle
is controlled by cellular pH.
(B) The model structure of the TM domain of NHE1 in the inactive conformation of state 1 viewed from
the membrane. The intracellular side is facing upward. TM segments that are important for function are
represented by the colored ribbons. Other segments are represented by a gray trace. TM1 was omitted for
clarity. Residues involved in the cation transport path are represented by space-filled atoms. The funnels
laying the transport path are indicated by dashed lines.

2. Results
2.1. EcNhaA and Eukaryotic Na+/H+ Exchangers Share a Similar Fold
Using the sequence of NHE1 as a target, I detected EcNhaA as the closest homologue
according to the fold-recognition FFAS03 server [138]. This finding strengthened my
working hypothesis that the TM domains of the two exchangers share a similar fold.

2.2 Predicting the Topology of NHE1
2.2.1 Use of Multiple Approaches to Align the TM Domains of NHE1 and EcNhaA
The sequence identity between EcNhaA and human NHE1 is only ~10%, and I was
unable to align their sequences using standard methods (data not shown). I therefore used
several state-of-the-art approaches to construct alignments, and integrated the results.
First, I extracted the pairwise alignment between NHE1 and EcNhaA, which displays
12.4% sequence identity, from a multiple-sequence alignment of a clan of transporters
from the Pfam database [139]. Two additional pairwise alignments were calculated using
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the FFAS03 [138] and HMAP [140] servers, which display 9.2% and 10.4% sequence
identity, respectively.
2.2.2. TM Helix Assignment
I used each of the above alignments to assign the boundaries of 12 TM segments (TM1
through TM12) of NHE1, based on corresponding segments of the crystal structure of
EcNhaA. Fig. 2 exemplifies the significant similarity between most of the TM segments
predicted by the Pfam, FFAS03, and HMAP alignments. Using the iterative process
described below, I predicted the final membrane topology (highlighted in yellow in Fig. 2
and illustrated in Fig. 3A).
Initially, the three different alignments were manually adjusted to reduce gaps in the
TM helices of EcNhaA, and used to build 3D models of NHE1. The main dissimilarity
between the different alignment methods appeared to be in the prediction of the TM6 and
TM7 segments. The model structures provided additional information that was used to
favor a specific assignment and improve it further; model structures that were favored
were those with least polar residues facing the lipid bilayer. Such considerations favored
adaptation of the Pfam assignment of TM6; they were not helpful, however, in assigning
TM7, for which I therefore used information from a multiple-sequence alignment of
homologous eukaryotic Na+/H+ exchangers. Because TM helices are expected not to
include insertions and deletions of amino acids [136], I favored the assignment of TM7 to
gap free region, as predicted by the FFAS03 and HMAP alignments but not by Pfam.
Similar reasoning led me to reject the assignment of the first TM segment to residues
103−127 although that was the assignment predicted by all three methods (Fig.
2) because this segment is highly variable and includes many insertions and deletions.
In contrast, the next segment (residues 129−150), which was predicted by hydrophobicity
analysis [137] to be a TM segment, is devoid of gaps. Interestingly, the conservation
pattern in this region is compatible with the periodicity of a helix, i.e., a conserved
residue appears at every fourth position, resulting in a conserved helical face (Fig. 3A).
Accordingly, this was the region to which I assigned TM1.
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Fig. 2: The TM Segments in the NHE1 Sequence
The segments in NHE1 that correspond to the TM helices in EcNhaA, as predicted by the different methods
discussed in the main text, are underlined on the sequence of NHE1 (residues 1-540) as follows: Pfam's
prediction in red, FFAS03 in green and HMAP in blue. The boundaries of the TM segments as previously
predicted [137], as well as their numbering, are indicated by black lines and Roman numerals, respectively.
The segment predicted by Wakabayashi and co-workers [137] to be intra-membranal is also indicated. The
final helix assignment proposed here is highlight in yellow and the numbering of the TM helices is
indicated by the orange Roman numerals. The overall consensus between the methods is evident. The
reasons for the selection of the location of TM1 are discussed in the main text.
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2.3. Building the 3D model of NHE1
The above helix assignment of NHE1 was used to refine the pairwise alignment between
NHE1 and EcNhaA in the TM regions. The final pairwise alignment displays 10.6%
sequence

identity

(The

alignment

is

available

at

my

website

http://bioinfo.tau.ac.il/~meytal/index_files/NHE/EcNhaA_NHE1_alignment.doc). A 3D
model of NHE1 was subsequently constructed on the basis of this alignment and the
EcNhaA template.

2.4. Assessment of the 3D Model
2.4.1. The 3D Model of NHE1 is Compatible with Evolutionary Conservation
Analyses of Na+/H+ Exchangers
In helical proteins, evolutionarily conserved amino acids are typically located in strategic
regions at the interfaces between the TM segments, whereas variable residues face the
membrane lipids. The extra-membranal loops are also enriched in variable amino acids
[21, 27, 28]. Accordingly, analyses of evolutionary conservation have been used to
predict the structures of membrane proteins [24-26, 141]. They have also been exploited
to validate model structures [21], as in the present study.
I projected the conservation scores calculated on the basis of the alignment of 94
sequences comprising the bacterial NhaA Na+/H+ antiporter family on the crystal
structure of EcNhaA [23] (Figs. 3Ba and 3Bb). As expected, the most highly conserved
residues are at the inter-helix interfaces within the TM region, while the most variable
residues are located in the periphery; where they face the lipid membrane and populate
the extra-membranal loops. Reassuringly, a very similar pattern was observed for my
model structure of NHE1 (Figs. 3Bc and 3Bd). The results, obtained using an alignment
of 305 Na+/H+ exchangers related to NHE1, strongly support my NHE1 model-structure.
Interestingly, a cluster of titratable residues (Figs. 4A and 4B), all evolutionarily
conserved (Figs. 4C and 4D), is located within the conserved core in the center of the
membrane in each of the structures. Titratable residues are very rare in the membrane,
presumably because of the large desolvation free energy associated with their transfer
from the aqueous phase into the membrane [142, 143]. Their presence in the membrane is
often associated with function [144]. These titratable residues were indeed shown to be
essential for the activity of both transporters [151-153], and arguably are involved in
conformational changes and cation translocation (see Discussion and Fig. 1).
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Fig. 3: Evolutionary Conservation Profiles of EcNhaA and NHE1
(A) The novel membrane-topology of NHE1 (residues 126-505) that I suggest here. The residues are
colored according to their conservation-grades using the color-coding bar, with turquoise-through-maroon
indicating variable-through-conserved. The start and end residue of each of the TM segments is marked in
bold font and numbered. Residues that are located on the same helical face are situated on the same column
(every fourth position). It is noteworthy that TM4 and TM11 unwind to form extended peptides within the
helices. The results of the substituted cysteine accessibility analysis [137] are projected on the topology as
follows: residues that are accessible to the intra- or extra-cellular medium are marked with green and red
circles, respectively. The thick black circles mark residues that are completely inaccessible.
(B) The evolutionary conservation profiles of EcNhaA (left) and NHE1 (right) are projected on the crystal
structure and 3D-model, respectively. The intracellular side is facing upward. The amino-acids are colored
by their conservation-grades using the color-coding bar, as in (A). TM1 was omitted from the picture for
clarity. (b & c) Ribbon models of EcNhaA and NHE1 viewed from the membrane. The TM segments are
numbered. (a & d) The most variable (score 1) and conserved (score 9) residues are displayed by spacefilled atoms. The compatibility of the NHE1 model structure with the phylogenetic profile is evident: The
protein core is conserved while the periphery is variable, as with EcNhaA.
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Fig. 4: Titratable Residues in the NHE1 and EcNhaA Transporters
A side-view of the crystal structure of EcNhaA [23] (A & C) and my model structure of NHE1 (B & D),
which are displayed in a ribbon representation with the intracellular region in the upward direction. TM1
and the extra-membranal loops were omitted for clarity. The horizontal green lines mark the approximate
boundaries of the hydrocarbon region of the membrane. In panel A−B, the transporters are colored gray,
and the locations of the C atoms of the titratable residues are depicted as spheres. The red spheres
correspond to aspartate and glutamate residues, and the blue to arginines and lysines. In panels C−D the
amino-acids are colored by their conservation-grades using the color-coding bar, with turquoise-throughmaroon indicating variable-through-conserved. Again, the locations of the C

atoms of the titratable

residues are depicted by spheres. It is evident that a central cluster of titratable residues is located in the
conserved protein core, suggesting that it plays important functional roles in the transporters.

2.4.2. The NHE1 Model Structure is Consistent with the Positive-Inside Rule
Gunnar von Heijne and his co-workers showed that the topology of the vast majority of
TM proteins is such that amino acid positions at the intracellular ends are enriched in the
positively charged residues, lysine and arginine, relative to the extracellular side [143,
145]. This observation, termed the positive-inside rule, can be used to predict and
evaluate the topology of membrane proteins. Analysis of the NHE1 3D model
(incorporating residues 126−505) revealed 12 lysine/arginine residues on the cytoplasmic
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side and only 3 lysine residues on the extracellular side (Fig. 3A). For reference, EcNhaA
includes 16 lysine/arginine residues on the cytoplasmic side and 5 on the extracellular
side [23].
2.4.3. The NHE1 Model Structure is Consistent with Mutagenesis Studies
Classical genetic and biochemical experiments and site–directed mutagenesis studies of
eukaryotic Na+/H+ exchangers (listed in Tables 1 & 2) have yielded abundant data,
which, for simplicity, I divided into two main groups: residues that are essential for
function vs. those that are unessential. Residues were considered essential if their
replacement resulted in loss or change of function (e.g., ion-translocation and pHregulation), or if they were shown to be involved in binding of inhibitors.
When these mutagenesis data are projected on the NHE1 model structure, it can be
seen that most of the residues defined as essential for activity are located in the core of
the TM domain (Fig. 5), which is consistent with their role in maintaining the architecture
and function of the transporter. On the other hand, most of the unessential residues face
the membrane or are located in the extra-membranal loops. One essential residue, Ser351,
unexpectedly faces the membrane lipids, and its functional relevance will be discussed
below. Residues that participate in pH regulation, and thus mediate cellular signals, are
located both on a cytoplasmic loop and within the protein core.
Mutagenesis studies point to 14 residues whose replacement affects the sensitivity of
NHE1 to its inhibitors (Table 1). Some of these mutations do not affect Na+ affinity,
implying that the inhibitor-binding site is physically distinct and suggesting that the
inhibitors induce allosteric regulation [146]. I focused on residues whose replacement
significantly alters sensitivity to NHE inhibitors (i.e., by more than 10-fold), and which
are likely to be directly involved in the binding. Specifically, mutagenesis implies that the
binding site incorporates residues Phe161, Phe162 and Leu163, all located in TM2, and a
second region comprising Gly352 of TM8 and Glu346 on its preceding loop (Fig. 5;
Table 1). These two regions are located close to each other in my model, and Leu163
(TM2) is in direct contact with Glu346 and Gly352 (Fig. 5). Moreover, this binding site is
situated at the extracellular side of NHE1, in accordance with the location of the
inhibitors [147]. All in all, my NHE1 model structure is in excellent agreement with the
mutagenesis data.
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Fig. 5: Mutagenesis Studies in Eukaryotic Na+/H+ Exchangers
The 3D model-structure of NHE1 is displayed with gray ribbon and the residues that were mutated are
presented using space-filled atoms using colors to represent the experimental outcome: Residues that were
implicated in ion-translocation (P167, P168, S235, D238, P239, A244, L255, I
E262, N

, D267, T

, V

, F

, G

,

, S351, E391, C421 and Y454) are colored red, residues that are involved in pH

regulation (R180, R327, E330, R440, G455 and G456) in magenta, residues comprising the NHE-inhibitors
binding-site (F161, F162, L163, E346 and G352) in green, and unessential residues (C133, Q157, P178,
E184, C212, E248, H250, L254, H256, S263, V269, V271, F322, H325, S359, N370, S387, S388, S390,
T392, S401, T402, S406, N410, K438, K443, C477, Q495 and R500) in yellow (for details see Tables 1 &
2). Residues involved in the binding of the NHE inhibitors, as well as Ser351 and loop 6-7 are labeled.
These elements are discussed in the main text.
(A) A top view from the cytoplasmic side of the membrane. (B) A side view parallel to the membrane
whereas the intracellular side is facing upward; the TM segments are numbered. (C) A view from the
extracellular side.

2.5. NHE1 and EcNhaA Share a Similar Inhibitor-Binding Site
Mutations that alter the binding affinity of the NHE inhibitors were located in equivalent
positions in a few eukaryotic NHE isoforms, implying that these isoforms share a
common binding site (Tables 1 & 2). Thus, I assumed by extrapolation that the AP
inhibitor of EcNhaA binds to an equivalent location on EcNhaA. Accordingly, my
colleagues and I designed seven mutations in residues located in TM2 and TM8 of
EcNhaA, and Katia Herz (under the supervision of Etana Padan) examined the sensitivity
of their Na+ or Li+/H+ activity to AP inhibition (Table 3; Fig. 6). The Na+/H+ antiport
activity was measured in everted membrane vesicles isolated from EP432 transformed
with the plasmids encoding the various mutations. EP432 lacks the chromosome-encoded
antiporters (EcNhaA and EcNhaB) and expresses only the EcNhaA variants from a
plasmid. Addition of the respiratory substrate, lactate, to these membrane vesicles
(downward-facing arrow in Fig. 6) resulted in generation of
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pH, as monitored by

quenching of the fluorescence of acridine orange, a fluorescent probe of pH. Addition
of either Na+ or Li+ to the reaction mixture (upward-facing arrow in Fig. 6) initiated the
Na+ or Li+/H+ antiport activity, as monitored by dequenching of the fluorescence. EP432
transformed with plasmid pAXH [148]) or the vector plasmid pBR322 served as positive
and negative controls, respectively. To determine the effect of AP on the antiport activity,
Katia Hertz added the inhibitor at various concentrations before adding lactate. The halfmaximum inhibitory concentration (IC50) of AP was determined as described [134].
Amino acid residues whose mutation changed the sensitivity to AP by at least
threefold relative to the wild-type were considered to be involved in or affect the AP
binding site. Specifically, mutations W62C, F72C, G76C and H225R exerted no effect on
inhibition by AP; the IC50 value was very similar to that of the wild type (1.7 M). N64C
and F71C mutations increased the sensitivity of the Na+ but not of the Li+ antiport
activity to AP inhibition; the IC50 values of AP for these mutants were 0.5 M and 0.3
M, respectively. In contrast, N64C and H225Q decreased the sensitivity of the Li+ but
not of the Na+ antiport activity to AP inhibition; the IC50 values of AP for these mutants
were 17 M and 7.8 M, compared to 2.2 M for the wild type.
The above results support our conjectured location of binding of the AP inhibitor on
EcNhaA. We cannot yet explain why the substitution of Cys for N64 and F71 increased
the sensitivity of the Na+ but not of the Li+ antiport activity to AP whereas similar
mutations in N64 and in H225 decreased the sensitivity of the Li+ but not of the Na+
antiport activity. We can only speculate that the binding sites of Li+ and Na+ differ in
size, as suggested previously [149] and as predicted from the different sizes of these
hydrated cations.
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Fig. 6: The Binding Site of the AP Inhibitor of EcNhaA
(A) The effect of AP inhibition on the antiporter activity of EcNhaA mutants compared to wild-type. The
results obtained for the F71C and N64C mutations showing the most drastic AP effect, are displayed.
Everted membrane vesicles were isolated from EP432 cells expressing wild-type NhaA or the indicated
mutants, and the Na+/H+ or Li+/H+ antiporter activity was measured at pH 7.5. At the onset of the reaction,
membranes were added first and then Tris D-lactate (2 mM) ( ), and the fluorescent quenching (Q) was
recorded until a steady state level of pH (100% quenching) was reached. NaCl or LiCl, at the indicated
concentrations, was then added ( ), and the new steady state of fluorescence obtained (dequenching) after
each addition was monitored. Where indicated, AP, at the indicated concentrations, was added ( ), to the
reaction mixture following the addition of the membranes. The experiments were repeated at least three
times with practically identical results. Calculated IC50 is shown for each experiment.
(B) The crystal structure of EcNhaA [23] is displayed in a gray ribbon representation. Space-filled atoms
represent residues that were examined for their involvement in AP binding (Table 1). Residues that play a
role in mediating AP inhibition (Asn64, Phe71 and His225) are colored green, while naïve residues (Trp62,
Phe72 and Gly76) are colored yellow.

2.6. Comparison between Novel and Previously Suggested NHE1
Topologies
My model, which was derived from sequence alignments with a functional homologue,
presents a novel topology. A previously suggested topology, which was based on
hydrophobicity scales [137] (Fig. 2), was assessed by substituting cysteines for 83 of
NHE1's residues and determining the accessibility of these substituted cysteines to
cysteine-directed reagents from outside and inside the cell [137]. That analysis (Fig. 3A)
yielded conflicting results in two regions, where accessibility to both sides of the
membrane was apparent in adjacent residues. The authors suggested that such regions
could be inserted into the membrane and might play a role in ion translocation. I believe
that this is indeed the case in one of these regions, which in my model is located at the
end of TM2 (see Discussion). The second region, located in the loop between TM6 and
TM7, might play a role in pH regulation (Table 1 and Fig. 5).
Both of the predicted topologies assigned the location of the N- and C-termini of
NHE1 inside the cytoplasm, in accordance with the topology of EcNhaA and
experimental evidence [131, 132]. However, whereas the first TM segment in my model
begins at residue Val129, Wakabayashi and co-workers predicted two additional
segments at the preceding N-terminal end (Fig. 2). The N-terminal segment of NHE1 was
suggested to serve as a signal sequence [150], and consistently with that suggestion my
74

evolutionary conservation analysis disclosed that this region (the first ~110 residues) is
highly variable among Na+/H+ exchangers, and in some of them is even missing.
Chymotryptic cleavage of the N-terminal region (residues ~1−150), following expression
of NHE1, indeed had little effect on transport activity [132].
As shown in Fig. 2, although the suggested topology [137] contained two extra TM
segments at the N-terminus, the next six predicted TM helices overlap with my model.
Similarly, within the two topologies the last three helices coincide (Fig. 2). The
remaining three segments (TM7−TM9) differ between the topologies. TM7 and TM8 in
my model are predicted to be short (14 residues) relative to the other segments (19−27
residues). In contrast, the ninth TM segment predicted by Wakabayashi and co-workers is
of normal length, and encompasses roughly these two short TM segments. This
assignment is presumably due to the constant size of the window that is used in common
hydropathy plots.
The intracellular region that follows TM8 in my model unexpectedly displays residues
that are accessible to external reagents, followed by inaccessible residues (TM9) and then
again by residues accessible to external reagents (the extracellular loop between TM9 and
TM10). Wakabayashi and co-workers resolved this inconsistency by assigning an intramembrane span instead of a transmembranal one (Fig. 2). An intra-membrane span in
this region was also suggested for the Arabidopsis thaliana Na+/H+ exchanger isoform 1
(AtNHX1) [150]. Alternatively, it is possible that the intracellular loop between TM8 and
TM9 participates in ion translocation and is therefore accessible to external reagents. My
model structure is consistent with the latter possibility.

3. Discussion
Technical difficulties in experimental determination of the membrane topology and 3D
structure of NHE1 prompted me to use computational tools to predict its structure based
on the crystal structure of the prokaryotic EcNhaA antiporter. This is not a simple
undertaking because of the extremely low sequence identity between these two proteins,
and necessitated manual integration of the results of various computational tools. The
resulting NHE1 model structure is supported by evolutionary conservation analysis and
empirical data, as elaborated in Results, suggesting that it represents a fair approximation
of the real structure of this protein. In addition, with the help of my colleagues, I located
the binding site for inhibitors in both NHE1 and EcNhaA. The finding that the NHE1 and
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EcNhaA transporters, from human and bacteria, respectively, share a common binding
site for inhibitors provides strong support for my contention that the 3D structure of the
former can be based on the crystal structure of the latter, despite their low sequence
similarity.

3.1. Functional Implications of the Model: Similarity to EcNhaA
The most notably conserved helices in both NHE1 and EcNhaA are TM2, TM4, TM5,
TM8, and TM11, all located in the protein core (Fig. 3). I suggest below that the
similarity in conservation patterns of the two proteins, as well as the equivalent locations
of functionally important sites within them (Fig. 4), indicate that they share similar
transport mechanisms.
3.1.1. The TM4 and TM11 Assembly Lays the Core of an Alternating-Access
Mechanism
EcNhaA includes an assembly of the TM4 and TM11 segments, both unwinding to form
extended peptides in the center of the helix, which cross each other in the middle of the
membrane [23]. These irregular structures form dipoles that are stabilized by two
titratable residues located on TM4 (Asp133) and TM10 (Lys300) [23] (Figs. 4A and 4C).
Their positions are conserved in bacterial NhaA Na+/H+ antiporters as aspartate and
lysine residues respectively, and were shown to be essential for activity [151-153]. In the
NHE1 model structure the corresponding positions include, respectively, the essential
Asp238 (Table 2) and Arg425, (Fig. 4B), which are highly conserved among NHE1related Na+/H+ exchangers (Fig. 4D) as aspartate and arginine residues, respectively, and
can also compensate for the helix dipoles. In addition, the region predicted to unwind
within TM11 in NHE1 contains two essential and conserved glycine residues (Table 1).
Glycines are not favored in helical structures, and their presence in this region of the
model structure might facilitate unwinding of the TM11 helix. Another conserved and
potentially charged residue, Arg458, is located on TM11 of NHE1 (Figs. 4B and 4D). Its
mutations to cysteine abolishes expression of NHE1 [137], implying that it is structurally
important.
EcNhaA displays two funnels that were suggested to lay the ion-transport path [23].
One funnel, open to the cytoplasm, is formed by the cytoplasmic parts of TM2, TM4,
TM5, and TM9. The other, open to the periplasm, is formed by the periplasmic parts of
TM2, TM8, and TM11. Both funnels are blocked in the middle of the membrane near the
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TM4−TM11 assembly, and do not form a continuous pore [23]. Hunte and coworkers
suggested that conformational changes following pH activation presumably allow two
alternating conformations of the cation-binding site at the bottom of the funnels. They
pointed out that the TM4−TM11 assembly might lay the core of the alternating-access
mechanism, as the extended peptides in the middle of the membrane and their dipoles are
eminently capable of subtle and rapid conformational changes in response to activation
[23].
I suggest that the TM4−TM11 assembly plays a similar role in NHE1 because of its
high conservation and the clustering of essential residues within these segments, both
critical factors in maintaining the structure, ion-transport, cation-specificity and
selectivity, and pH regulation of eukaryotic Na+/H+ exchangers (Tables 1 & 2).

3.1.2. TM2 Shapes the Path of Cation Transport
TM2 contributes to the formation of the two funnels that are suggested to lay the path for
cation transport [23, 153] (Fig. 1B). The crystal structure of EcNhaA shows a bending of
the TM2 helix that is probably important for its structural role. Interestingly, the TM2
segment in my NHE1 model structure contains two proline residues (Pro167 and Pro168;
Fig. 1B), both of which are essential (Table 1), and an additional Pro178 located at the
cytoplasmic end. Proline-rich segments correspond to irregular helical structures [142],
and the assignment of this helix nicely fits its structural features and supports my model
structure. In this respect, it is noteworthy that a peptide that corresponds to TM2 in my
model (previously known as TM4), and which was studied using high-resolution NMR
spectroscopy, displayed irregular structural properties [154]. Overall, the location of TM2
in my model structure, in combination with the mutagenesis data showing that
substitutions of residues located on this segment result in a nearly inactive protein in
many cases (Tables 1 & 2), implying that this segment might lay the cation-transport
path, as suggested [154].
3.1.3. Residues in TM5 Serve as the Cation-Binding Site
TM5 is located spatially close to TM4 and TM11 and displays exceptionally high
evolutionary conservation, mainly in residues facing the TM4−TM11 assembly, both in
EcNhaA and NHE1 (Fig. 3). Extensive mutagenesis within TM5 in NHE1 demonstrated
its importance for expression and targeting to the membrane [146], in accordance with its
strategic location in the protein core in my model.
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In EcNhaA, this helix includes two titratable residues, Asp163 and Asp164 (Fig. 4A
and 4C). These residues, which are located in the middle of the membrane, are
evolutionarily conserved in the bacterial NhaA Na+/H+ antiporters as aspartate residues,
are essential, and are considered to be the cation-binding site [23, 152]. According to my
model structure, the corresponding residues in NHE1 are Asn266 and Asp267,
respectively. These residues are highly conserved as aspargine and aspartate residues,
respectively, within the family of NHE1-related Na+/H+ exchangers. Asp267 is located at
the bottom of the cytoplasmic funnel (Fig. 1B) and, by conjecture, is involved in cation
binding; a negative charge at this position is indeed crucial for function [146], and even a
mild substitution abolishes the activities of NHE1 and its yeast homologue sod2 (Tables
1 & 2).

3.1.4. Is TM5 Responsible for the Different Stoichiometries in EcNhaA and NHE1?
I postulate that replacement of the negatively charged Asp163 in EcNhaA by the neutral
residue Asn266 from NHE1 is important for the observed difference in Na+:H+
stoichiometry between these two transporters (1:2 in EcNhaA and 1:1 in NHE1).
According to my hypothesis, Asp164 in EcNhaA or Asp267 in NHE1 serves to
alternately bind Na+ or H+ (Fig. 1). On the other hand, Asp163 in EcNhaA binds the
second proton, while its equivalent in NHE1 Asn266 does not participate in cation
binding. Nevertheless, because Asn266 is conserved, essential (Table 1), and facing
adjacent helices, I suggest that it might be of structural importance. Further mutations in
these residues in both EcNhaA and NHE1 are likely to shed some light on their role in
determining the Na+:H+ stoichiometry of the transporters.
3.1.5. Titratable Residues, Unique to NHE1, Putatively Involved in Iontranslocation
Besides Asn266 and Asp267 discussed above, another acidic residue in TM5, namely
Glu262, was also shown to be crucial for the function of NHE1 and its yeast homologue,
sod2 (Tables 1 & 2). This residue is fully conserved as glutamate in NHE1-related
Na+/H+ exchangers, and its proximity to the cytoplasm (Fig. 4B and 4D) suggests that it
might attract protons following cellular acidification (Fig. 1A).
Glu391 (TM9), which faces the cytoplasmic funnel, spatially close to the TM4−TM11
assembly (Fig. 4B and 4D), might play a role in the ion-translocation pathway. This
position is conserved in NHE1-related Na+/H+ exchangers, where it is largely occupied
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by glutamate but also by either asparagine or glutamine. Substitution of glutamine for
Glu391 in NHE1 significantly reduced activity but did not abolish it (Table 1), implying
that this residue is important in NHE1 but is not the main binding site.
Overall, a cluster of three conserved acidic residues (Glu262, Asp267, and Glu391) is
located within the core of NHE1 (Fig. 4B and 4D), and I suggest that it facilitates the
binding and translocation of the cations in this transporter, whereas Asp267, located at
the bottom of the cytoplasmic funnel, serves as the main cation-binding site (Fig. 1).
3.1.6. TM8 Plays a Role in NHE1 Activity
TM8 is highly conserved both among the bacterial NhaA Na+/H+ antiporters and among
NHE1-related Na+/H+ exchangers (Fig. 3). Within this short helix, it is especially
noteworthy that His225 in EcNhaA and its equivalent Ser351 in NHE1 (Fig. 5), despite
their conservation and polarity, face the membrane. This observation is especially
interesting in view of the demonstration by mutagenesis analyses that different
substitutions in His225 shift activity to more acidic pH (H225R), or to more alkaline pH
(H225D), or abolish the activity of EcNhaA completely (H225A) [133, 155]. Rotation of
TM8 by approximately 180° would place the side-chains of His225 in EcNhaA, and of
Ser351 in NHE1, in the external funnel. I therefore suggest that activation of these
transporters involves rotation of TM8 around its axis, such that these residues can
participate in cation transport (Fig. 1).
Ser351 in NHE1 and its adjacent neighbor Gly352, which is essential (Table 1), are
both highly conserved in NHE1-related Na+/H+ exchangers, mostly as serine and glycine
residues. Interestingly, my evolutionary conservation analyses showed substitutions of
aspartate residues for both Ser351 and Gly352 in a fungi-specific clade of plasma
membrane Na+/H+ exchangers. The aspartate pair was shown to be important for activity
in several of these transporters (Table 2). The unique identity of these residues implies a
specific trait that is attributed to fungi exchangers, e.g., in mediating cation transport, and
supports the importance of TM8 for activity.

3.2. A Putative Exchange Mechanism in NHE1
The scheme in Fig. 1A summarizes the suggested alternating-access mechanism for
Na+/H+ exchange in NHE, and Fig. 1B highlights the location of the main residues that
are implicated in the exchange. Overall, the mechanism, which involves consecutive
transformations between pairs of conformations that are at chemical equilibrium, is
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driven by the concentration gradients of sodium or protons across the membrane. The
cation-transport path is formed by two discontinuous funnels comprised of TM2, TM4,
TM5, and TM9 at the cytoplasmic side and TM2, TM8 and TM11 at the extracellular
side. Upon activation by intracellular acidification, a proton, possibly attracted by Glu262
(TM5), enters the cytoplasmic funnel and binds to Asp267 (TM5) located at the bottom
of the funnel (state 2 in Fig. 1A). Conformational changes, induced by the TM4−TM11
assembly, which might include rotation of TM8 by approximately 180°, then shield the
proton from the cytoplasm. Alternatively, an external path now opens to the extracellular
matrix (state 3 in Fig. 1A), which is enriched with sodium. A sodium ion can now
compete with the proton for binding to the extracellular site, possibly mediated by Ser351
(TM8) (state 4 in Fig. 1A). Binding of sodium favors the movement to the alternative
conformation, which shields the sodium cation from the extracellular matrix and opens
the path to the cytoplasm (state 5 in Fig. 1A). The sodium can then be released and
replaced by a proton, again in accordance with the chemical gradient of these cations
(state 2 in Fig. 1A), and the cycle continues.

4. Concluding remarks
My model structure of NHE1 is supported by phylogenetic and published empirical data
available for NHE1 and other eukaryotic Na+/H+ exchangers, specifically pertaining to
the protein core (TM2, TM4, TM5, TM8, and TM11). These central segments are
evolutionarily conserved and include essential residues in the NHE1 and EcNhaA
transporters. Moreover, both transporters display a cluster of titratable residues in the
center of the conserved protein core (Fig. 4) that are essential (Tables 1 & 2) and are
presumably involved in conformational changes and cation translocation. Thus, my
colleagues and I are fairly confident of the correctness of my model structure of the core
of the NHE1 transporter.
On the other hand, I note that the location of the peripheral TM segments TM1, TM3,
TM6, TM7, TM9, TM10, and TM12 in the model structure might be approximate, and
that the conformations of the extra-membranal loops are tentative. Additional structural
data, e.g., from high-resolution cryo-EM and X-ray crystallography, are needed in order
to further our knowledge of these regions. Nevertheless, the results of this study
demonstrated that even a model structure, particularly when integrated with experimental
data, can be used to propose testable hypotheses that will ultimately shed light on
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function and regulatory mechanisms. They might also pave the way to structure-based
drug design, yielding additional NHE1 inhibitors of clinical benefit.

5. Methods
5.1. Classification and Nomenclature of Na+/H+ transporters
5.1.1. NHE1 and EcNhaA Belong to Two Different Protein Families
NHE1 is a part of the CPA family
TCDB (http://www.tcdb.org/tcdb/) is a database that classifies transport proteins [156]. In
this database, membrane proteins that transport monovalent cations in exchange for protons
belong to the CPA (Cation:Proton Antiporter (TC#2.A.37)) superfamily [156]. They are
roughly assigned to three families: CPA1 (TC#2.A.36), CPA2 (TC#2.A.37), and the Na+transporting carboxylic acid decarboxylase (NaT-DC) family (TC#3.B.1).
The CPA1 and CPA2 families contain exchangers from bacteria, archaea, and eukaryotes.
Members of the CPA1 family mostly catalyze Na+:H+ exchange, although some might also
transport Li+ or even Ca+2 instead of Na+ [156]. The CPA1 family includes the functionally
characterized mammalian Na+/H+ exchanger (NHE) isoforms, also referred to as the solute
carrier

9A

(SLC9A)

by

the

HUGO

nomenclature

[157]

(http://www.gene.ucl.ac.uk/nomenclature), and the plant and yeast NHX transporters.
Members of the CPA2 family catalyze both K+/H+ and Na+/H+ antiport, as well as K+ uniport,
and include the KefB/KefC K+ efflux proteins of E. coli that are responsible for glutathionegated K+ efflux [156]. Members of the NaT-DC family are so far known to contain only
bacterial proteins. They export Na+ from the cell using the energy from decarboxylation of a
carboxylic acid substrate.
EcNhaA is a part of the NhaA Na+:H+ antiporter family
EcNhaA (the main Na+/H+ antiporter in Escherichia coli) is classified in TCDB as a unique
family called the NhaA Na+:H+ antiporter (NhaA) family (TC#2.A.33).
5.1.2. NHE1 and EcNhaA Belong to the Same Superfamily of Transporters
Pfam is a comprehensive database for protein domains and families. Protein families that
have arisen from a single evolutionary origin are clustered in clans. The CPA1 and CPA2
families (that include NHE1), the K+ transporter (Trk) family and the NhaA family (that
include EcNhaA) are classified into one Pfam clan (the CPA/AT clan) along with proteins
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that are involved in sodium transport and other proteins of unknown function [158]. Pfam
divides this clan into 10 different families. The sodium/hydrogen exchanger family (Pfam
accession no. PF00999) includes proteins from the CPA1 and CPA2 TCDB families.
EcNhaA belongs to a different Pfam family, the Na+/H+ antiporter 1 family (Pfam accession
no. PF06965), which includes only bacterial proteins.

5.2. Evolutionary Conservation Analysis of the NhaA Na+/H+ Antiporter
Family
The Pfam [139] alignment for the NhaA Na+/H+ antiporter 1 family (Pfam accession no.
PF06965), comprising 198 sequences, was taken as the initial set of homologous sequences.
Redundant (>95% sequence identity) and fragmented sequences were discarded. This
intermediate multiple sequence alignment (MSA) of 136 sequences was used to generate a
Hidden Markov Model [159], which was subsequently utilized to collect homologous
sequences from the UNIPROT database [118]. Full-length sequences of these proteins were
aligned using the MUSCLE program [120]. The N- and C-terminal positions of the
alignments were then cut to fit the sequence of EcNhaA (residues 1−388) (SwissProt entry:
NHAA_ECOLI). Redundant (>95% sequence identity) and fragmented sequences, sequence
variants, and mutants were discarded. Also discarded were proteins that were sequenced by
the Whole-genome Shotgun (WGS) project and are therefore considered as preliminary data.
The resultant MSA contained 94 sequences of bacterial proteins.
Based on the 94-sequence MSA, evolutionary conservation scores were calculated using a
Bayesian method [121] and projected onto the 3D structure of EcNhaA (PDB entry 1ZCD;
[23]) using the ConSurf web server (http://consurf.tau.ac.il/) [5].

5.3. Evolutionary Conservation Analysis of NHE1-Related Na+/H+
Exchangers
The ConSeq web server (http://conseq.bioinfo.tau.ac.il/) [10] was used to generate an initial
alignment of Na+/H+ exchangers as follows. Human NHE1 (residues 105−505) (SwissProt
entry: SL9A1_HUMAN) was used as a query sequence to collect homologous sequences
from the UNIPROT database [118] using PSI-BLAST [119]. The resulting 216 sequences
were aligned using MUSCLE [120] with default parameters. Redundant (>95% sequence
identity) and fragmented sequences were discarded. The resultant intermediate MSA of 151
sequences was used to generate a Hidden Markov Model [159], which was subsequently
utilized to collect remote homologous sequences from the UNIPROT database [118] that
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were aligned using MUSCLE [120]. From the 516 hits found, redundant (>95% sequence
identity) and fragmented sequences, sequence variants, and mutants were discarded along
with sequences that included irregular characters or ones that were sequenced by WGS
project. I then limited the boundaries of the MSA to positions corresponding to residues
126−505 of NHE1, which corresponds to my 3D model of NHE1 described in the main text.
The final alignment of 305 proteins from all kingdoms was exclusive to Na+/H+ exchangers
related to NHE1 and highly reliable to infer position-specific evolutionary information for
this transporter.
Based on the 305-sequence MSA, evolutionary conservation scores were calculated using
a Bayesian method [121], and, using the ConSurf web-server (http://consurf.tau.ac.il/) [5],
were projected onto the 3D model of NHE1 described below.

5.4. Identifying the Fold of Eukaryotic Na+/H+ Exchangers
Neither the search performed with PSI-BLAST nor the Hidden Markov Model built for
NHE1-related Na+/H+ exchangers could detect sequences from the prokaryotic NhaA Na+/H+
antiporter family, probably because of low sequence similarity. Therefore, to detect those
protein structures most likely to possess a similar fold to that of eukaryotic Na+/H+
exchangers, I used profile-to-profile alignments implemented in the FFAS03 server [138].
The sequences of both human NHE1 (SwissProt entry: SL9A1_HUMAN) and the yeast
Na+/H+ transporter sod2 (SwissProt entry: NAH_SCHPO) were used as queries. In both
cases, EcNhaA was the closest homologue whose 3D structure is known.

5.5. Pairwise Sequence Alignment between Human NHE1 and EcNhaA
Generally, and in particular when the sequence homology is low, the use of MSAs to deduce
a particular alignment between two sequences produces a more accurate result than the use of
a simple pairwise alignment [22, 140, 160]. Moreover, it was previously shown that
construction of alignments using sequence profiles and Hidden Markov Models [159] results
in a more accurate match than using standard sequence-based alignments [160-163]. The
Pfam database [139] provides state-of-the-art Hidden Markov Model-based alignments for
protein domains that are predicted to arise from a single evolutionary origin, referred to as
clans [158]. I therefore used the Pfam's MSA for the clan comprising both EcNhaA and
NHE1, and extracted 107 sequences including the bacterial NhaA Na+/H+ antiporter 1 family
(22 sequences including EcNhaA) and the CPA Na+/H+ exchanger family (85 sequences
including NHE1). The alignment was also recalculated using MUSCLE [120] to provide an
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additional alignment method, thereby substantiating the alignment's accuracy. Two pairwise
sequence alignment between human NHE1 (SwissProt entry: SL9A1_HUMAN) and EcNhaA
(SwissProt entry: NHAA_ECOLI) were directly deduced from the MSAs constructed by
Pfam or MUSCLE, as described above. Gaps in corresponding positions were eliminated.
Because both alignments yielded similar results, I made no further use of the MUSCLE
alignment.
The FFAS03 server applies profile-to-profile alignments and a fold recognition algorithm
to detect and align structurally determined proteins to a given sequence [138]. As mentioned
above, this method detected EcNhaA as the closest structurally determined homologue to
NHE1. I therefore used the resulting sequence alignment between these proteins as an
additional pairwise alignment.
The HMAP server [140] offers an additional state-of-the-art approach, which I used to
calculate the alignment between NHE1 and EcNhaA. HMAP stands for 'hybrid
multidimensional alignment of profiles'. This approach combines information on sequence
and structure (including secondary and tertiary structures) in order to align remote
homologous sequences as accurately as possible [140, 161, 162]. Human NHE1 (SwissProt
entry: SL9A1_HUMAN) was used as the query sequence and EcNhaA (PDB entry: 1ZCD
[23]) as the template structure with default parameters to generate an additional pairwise
alignment.

5.6. Homology Modeling
Modeling of the structure of NHE1 (SwissProt entry: SL9A1_HUMAN), residues 126505, was based on the template structure of EcNhaA (PDB entry 1ZCD; [23]), using the
homology modeling program NEST [22] with default parameters. The final model was
based on the pairwise alignments constructed as described in the Results.

5.7. Experimental Procedure
The procedures carried out by Katia Herz (under the supervision of Etana Padan) are
described in Appendix III.

5.8. Figures
Figs. 1B, 3B, 4, 5 and 6B were drawn with PyMol (DeLano, W.L. The PyMOL
Molecular Graphics System (2002) DeLano Scientific, San Carlos, CA, USA.
http://www.pymol.org).
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6. Tables
6.1. Table 1. Published Mutations in Human NHE1
Mutations
in Human
NHE1

Structural
Location

Conservation
(1−9:
Variable-toConserved)
NHE/EcNhaA

Equivalent
Residue in
EcNhaA

Notes

Citation

Putatively Essential Residues
Gly148
(examined
in the rat
NHE1 –
residue
G152)

Loop1-2

Pro153+
Pro154
(examined
in the rat
NHE1 –
Pro157+)
Pro158)

Loop1-2

Phe161
(examined
also for the
hamster
NHE1 –
F165)

TM2

1/3

Ser31

Moderately important for
inhibitor binding.

[164]

G148A – reduced
sensitivity to EIPA by 3fold.
2/1
3/1

Gly36+
Trp36

Moderately important for
inhibitor binding.

[164]

P153S/P154F – reduced
sensitivity to EIPA by 7fold.

7/8

Ile63

Important for activity and
also for inhibitor binding.
Suggested as a pore-lining
residue.
F161Y – increases the Ki
for amiloride by 40-fold
and reduces the Na+
transport rate by 3- to 4fold.
The effect was also shown
for F161Y+F164Y
(substitutions as in
NHE4).

85

[154, 165]

Phe162

TM2

7/9

Asn64

Important for transport
and inhibitor binding.

[166]

F162S – dramatic
decrease in affinity for
cariporide and amiloride
by 1550- and 150-fold,
respectively. The mutant
also reduces the affinity
for sodium.
+Ile169
+Ile170

TM2

9/9
8/9

Phe71+
Phe72

F162S together with
I169S or I170T –
Normal cation-binding
(reversion phenotype), but
still interference with the
inhibition by cariporide.

F162S/I169S/I170T triple
mutant – the affinity to
sodium is as for wt
(reversion phenotype),
low affinity to cariporide,
and a 4- to 5-fold increase
in its Km for lithium.
I169S+I170T –
Interference with iontranslocation, but no
effect on inhibition by
cariporide.
I169S alone – No effect.
I170T alone – No effect.

Leu163

TM2

5/9

Asp65

(examined
also for the
hamster
NHE1 –
L167)

Important for inhibitor
binding.

[164, 165]

L163F – reduces the
effectiveness of EIPA and
MPA to block transport
by ~30-fold, and that of
amiloride by 3-fold.
Note: the corresponding
residue to NHE1's Leu163
in rabbit NHE2 (Leu143)
is also involved in
amiloride binding [167].

Pro167

TM2

8/8

Ala69

Important for activity.
P167G/C - abolishes NHE
activity.
P167A - markedly
decreases activity.
P167G/C/A- expressed at
lower levels compared to
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[168]

wt, and a significant
portion of P167G and
P167C is retained
intracellularly.
Pro168

TM2

7/5

Val70

Important for activity.

[168]

P168A/C - abolishes
activity.
P168G - markedly
decreases activity.
P168 G/C/A -expressed at
levels similar to wt and
targeted to the plasma
membrane.
Gly174

TM2

8/9

Gly76

Moderately important for
inhibitor binding.

[147]

G174S – shows 3.3-fold
decrease in amiloride
affinity.
G174D – shows 4-fold
decrease in amiloride
affinity.
G174A – no change is
amiloride affinity.
Leu163+
Gly174

TM2

5/9
8/9

Asp65+
Gly76

Important for inhibitor
binding.

[165]

L163F/G174S double
mutant – as active as the
wt, but reduced affinity
for sodium and for
amiloride and its
derivatives compared to
that of the wt.
Each of them alone does
not affect Na+ affinity.
Arg180

TM2

5/9

Glu82

Important for allosteric
regulation.

[169]

R180K − reduces
sensitivity to intracellular
protons.
Ile251

Loop 4-5

8/8

Val148

Moderately important for
inhibitor binding.

[146]

I251A − more resistant to
EMD87580 by 3-fold
compared to wt.
Leu255

TM5

7/8

Leu152
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Important for activity and
moderately important for
inhibitor binding.
L255A - more sensitive to
EMD87580 by 2.5-fold.

[146]

Also show direct effects
on activity.
Ile257

TM5

7/6

Ile154

Important for activity.

[146]

I257A − shows direct
effects on activity.
Val259

TM5

8/9

Leu156

Important for activity.

[146]

V259A − shows direct
effects on activity.
Phe260

TM5

8/6

Met157

Important for activity.

[146]

F260A − shows direct
effects on activity.
Gly261

TM5

9/8

Ala158

Important for activity.

[146]

G261A − shows direct
effects on activity.
Glu262

TM5

9/8

Leu159

Important for activity.
E262Q − abolishes
activity.
E262D − reduces activity
(less than 25% of that of
the wt) and also decreases
affinity for Li+. The
substitution of aspartate
for glutamate, with its
smaller side, chain may
reduce the ability of the
protein to coordinate the
smaller lithium ion, while
still allowing for
coordination of the larger
Na+ ion.
E262D/Q − expressed and
targeted to the plasma
membrane.
E262I − abolishes
activity; the nature of the
defect was not
investigated.
E262A − low expression
and major effects on
targeting (found
principally in intracellular
compartments). However,
even after correcting for
targeting and expression,
the corrected activity of
Glu262 was only 52% of
control levels, indicating
there was still a
significant defect in the
Na+/H+ exchanger
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[144, 146,
171]

activity.
Note: the residue that
corresponds to E262 in
the sod2 transporter from
Schizosaccharomyces
pombe (fission yeast)
(Glu173) is also critical
for activity [170].
Leu265

TM5

8/7

Ile162

Moderately important for
inhibitor binding.

[146]

L265A − more sensitive
to EMD87580 by 10-fold.
Asn266

TM5

9/9

Asp163

Important for activity.
N266A − shows direct
effects on activity.

[146]

Asp267

TM5

9/9

Asp164

Important for activity.

[144, 146]

D267N − no activity.
D267E – active.
Note: the residue that
corresponds to E262 in
the sod2 transporter from
Schizosaccharomyces
pombe (fission yeast)
(Asp178) is also critical
for activity [172].
Thr270

TM5

8/9

Ala167

Important for activity.

[146]

T270A − shows direct
effects on activity.
Val272

TM5

9/4

Ile169

Moderately important for
inhibitor binding.

[146]

V272A - more resistant to
EMD87580 by 5-fold.
The mutant also shows
reduced expression with
no effect on activity.
Leu273

TM5

7/8

Ile170

Moderately important for
inhibitor binding.

[146]

L273A – shows reduced
expression, but after
correction for protein
expression, its activity
was greater than that of
controls. Also shows
increased resistance to
EMD87580 by 2.5 fold.
Arg327

Loop 6-7

4/-

Gap(204-
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Important for pH

[169]

205)

regulation.
R327E − significantly
shifts the pH set point of
NHE1 to the acidic side.
R327K – no effect.

Arg330

Loop6-7

6/-

Gap (204205)

Important for allosteric
regulation.

[169]

E330M − reduces
sensitivity to intracellular
protons.
R330Q – no effect.
Glu346
(examined
also in the
rat NHE1 –
E350)

Loop 7-8

7/7

Leu220

Important for activity and
for inhibitor binding.

[164, 173]

E346Q – reduces
sensitivity to amiloride
and EIPA by 20- and 127fold, respectively, and
also reduces the transport
rate.
E346/D/N − reduces
sensitivity to EIPA by
~500- and ~60-fold,
respectively, and also
reduces the transport rate.
E346D − also reduces the
affinity for sodium.
This residue has no effect
on pH regulation.

His349

TM8

5/9

Gly223

Moderately important for
inhibitor binding.

[174]

H349Y/F – increases
sensitivity to amiloride by
~2-fold.
H349G/L – reduces
sensitivity to amiloride by
~2-fold.
H349S (mimics NHE3) –
practically no effects on
amiloride sensitivity
H349G/L/Y/F/S – all as
active as the wt, with
similar affinities for the
cations.
Gly352
(examined
in the rat
NHE1 –
G356)

TM8

8/8

Ala226

Important for activity and
inhibitor binding.
G356A − reduces the
apparent half-maximal
inhibition of NHE1 by
amiloride, EIPA and

90

[164]

HOE694 by ~5-, 32-, and
342-fold, respectively.
G352S − decreases EIPA
sensitivity by 72-fold.
G352D − decreases EIPA
sensitivity by 33-fold.
G352S/L/D/K –
significantly reduces
transport.
This residue has no effect
on pH regulation.
Note: the corresponding
residue in NHE3 (A305)
is also involved in
amiloride binding [164].
Also, the corresponding
residue in C. albicans
Cnh1p (Asp267) [175], S.
cerevisiae Nha1p
(Asp267) [176],
Schizosaccharomyces
pombe (Asp267) [170,
172], and
Zygosaccharomyces
rouxii Sod2-22p (Asp266)
[177] are crucial for
function.
Leu163+
Gly352
(examined
in rat NHE1
L167+
G356)

TM2
TM8

Glu391

TM9

5/9
8/8

Asp65
Ala226

Involved in inhibitorbinding.

[164]

L163F/G352A – shows
164-fold lower affinity for
EIPA compared to wt.
9/7

Leu264

Important for activity.

[144]

E391Q – activity is
greatly reduced, but not
abolished.
E391D – active.
Note: the corresponding
residue in
In the Saccharomyces
cerevisiae Nhx1 (Glu355)
is also important for
activity [178].
Cys421

TM10

6/9

Leu296

Important for activity.

[179]

C421S − small decrease
in activity, located in the
plasma membrane.
Arg440

Loop10-11

4/6

Lys315
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Important for pH
regulation.

[180]

R440C/D/E/H/L – shift
the pH set point of NHE1
to the acidic side with no
effect on ion
translocation.
Gly455

TM11

8/7

Cys335

Important for pH
regulation.

[180]

G455C/Q/T/V − shift the
pH set point of NHE1 to
the alkaline side with no
effect on ion
translocation. The shift
grows larger as the
residue becomes bulkier,
suggesting a steric
hindrance.
Gly456

TM11

9/9

Gly336

Important for pH
regulation.

[180]

G456C − shifts the pH set
point of NHE1 to the
alkaline side with no
eaffect on ion
translocation.

Putatively Nonessential Residues
Cys8

N-terminal

-

-

Essential for localization;
nonessential for function

[179]

C8R/S − intracellular
localization (Golgi).
However, small amounts
of antiporter that reach the
membrane are active.
Asn75

N-terminal

-

-

Glycosylation site.
N75D – active as the wt.

[181]

Cys113

N-terminal

-

-

C113S − as active as the
WT, located in the plasma
membrane.

[179]

His120

N-terminal

-

-

H120G – as active as the
wt.

[171, 174]

Cys133

TM1

7/5

Ile16

C133S − as active as the
WT, located in the plasma
membrane.

[179]

Pro178

TM2

7/9

Lys80

P178A − as active as the
wt, located in the plasma
membrane, expressed at
levels similar to wt.

[168]
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Glu184

Loop 2-3

4/9

Gly86

E184H −

[169]

Note: Mutation in the
corresponding position in
sod2 (His98) also failed to
change activity [172, 182]
Cys212

Loop 3-4

2

Gap(116117)

C212S − as active as the
wt. Located in the plasma
membrane.

[179]

Asp238

TM4

9/9

D133

D238N − as active as the
wt.

[144]

Note: the corresponding
residue in the sod2
transporter from
Schizosaccharomyces
pombe (fission yeast)
(Asp145) is critical for
activity [170, 172].
Pro239

TM4

9/9

I134

P239A − as active as the
wt.

[144]

Note: the corresponding
residue in the Sod2-22
transporter from
Zygosaccharomyces rouxii
(Pro145) is critical for
activity [183].
Glu248

TM4

6/8

Leu143

E248Q – as active as wt.

[169]

His250

Loop4-5

5/7

Arg147

Preliminary data suggest
that it is not involved in
exchanger function.

[171, 174]

Leu254

TM5

6/7

Ala151

L254A – shows reduced
expression but no effect on
activity.

[146]

His256

TM5

6/9

Lys153

H256A – shows reduced
expression but no effect on
activity.

[146]

Ser263

TM5

9/9

Ala160

S263A − as active as the
wt.

[144]

Val269

TM5

8/7

Gly166

V269A – active.

[146]

Val271

TM5

8/9

Ile168

V271A – shows reduced
expression but no effect on
activity.

[146]

His325

Loop6-7

4/-

Gap(204205)

H325C − as active as the
wt.

[171, 184]
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Ser359

TM8

7/6

Val233

S359A − as active as the
wt.

[144]

Asn370

Loop 8-9

6/1

His243

N370D – as active as the
wt.

[181]

Ser387+
Ser388

TM9

7/6
6/6

Ala260+
Tyr261

S387A/S388A – as active
as the wt.

[144]

Ser390

TM9

8/7

Ile263

S390A – as active as the
wt.

[144]

Thr392

TM9

7/9

Pro265

T392V – as active as the
wt.

[144]

Ser401

Loop9-10

7/5

Ser275

S401A – as active as the
wt.

[144]

Thr402

Loop9-10

6/4

Leu276

T402V – as active as the
wt.

[144]

Ser406

Loop9-10

1/2

Thr280

S406A – as active as the
wt.

[144]

Asn410

Loop9-10

1/1

Thr285

N410D– as active as the
wt.

[181]

Lys438

Loop 10-11

1/6

Arg313

K438E– as active as the
wt.

[169]

Lys443

Loop 10-11

1/1

His318

K443E– as active as the
wt.

[169]

Cys477

Loop 11-12

6/2

D354

Essential for localization;
nonessential for function.
C477S − intracellular
localization (Golgi).
However, small amounts
of antiporter that reach the
membrane are active.

[179]

Table 1: The mutations are divided into putatively essential and nonessential sites. The
locations of the mutations on the predicted topology suggested in this paper and their
corresponding numbers in EcNhaA are indicated. Conservation scores for NHE1 and
EcNhaA are according to the ConSurf 1−9 (variable-to-conserved) scale, calculated using
305 NHE1-related Na+/H+ exchanger homologous sequences or 94 bacterial NhaA Na+/H+
antiporters, respectively, as described in Methods in chapter 2. EMD87580 is an amiloride
analog. MPA: N5-methyl-N5-propylamiloride; EIPA: 5-(N-ethyl-N-isopropyl) amiloride.
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6.2. Table 2. Published Mutations in Eukaryotic Na+/H+ Exchangers
Mutations

Structural
Location

Conservation
(1−9:
Variable-toConserved)
NHE/EcNhaA

Corresponding
Residue in
NHE1/EcNhaA

Notes

Citation

Putatively Essential Residues

Leu143
In rabbit
NHE2
(SL9A2_RA
BIT)

TM2

Thr141
In
Zygosacchar
omyces
rouxii Sod222p
(Q9UUT4_Z
YGRO)

TM4

Asp145
In
Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)
P145
In
Zygosacchar
omyces
rouxii Sod222p
(Q9UUT4_Z
YGRO)

TM 4

5/9

Leu163/Asp65

Important for inhibitor
binding.

[167]

Note: the
corresponding position
in NHE1 is also
involved in amiloride
binding [165].
8/7

Ser235 /Ala130

Important for activity.

[185]

T141S produces a
broadened cation
selectivity of the
antiporter for K+, in
addition to Na+ and
Li+.
9/9

Asp238/
Asp133

Important for activity.

[170, 172]

Note: in NHE1,
mutation of D238N is
not crucial for
function [144].

TM4

9/9

Pro239/Ile134

Important for activity.
P145S/T − decreases
the antiporter transport
activity for both Na+
and Li+, yet enables
ZrSod2-22p to
transport K+.
P145D/K − abolishes
activity.
P145G − extremely
low activity for
exchanging Na+.
Note: the
corresponding
residues in S.
cerevisiae Nha1
antiporter (Pro146) are
also critical for

95

[183]

function [183].
However, mutation in
the equivalent position
in NHE1(P239A) is
not crucial for activity
[144].
Ser150
In
Zygosacchar
omyces
rouxii Sod222p
(Q9UUT4_Z
YGRO)

TM4

Glu173
In
Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)
Asp178
In
Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)

TM 5

Asp241
In
Saccharomy
ces
cerevisiae
Nha1p
(NAH1_YE
AST)

loop 6-7

8/8

Ala244/
Gly139

Important for activity.

[185]

S150T produces a
broadened cation
selectivity of the
antiporter for K+, in
addition to Na+ and
Li+.
S150K/R – abolishes
activity.
S150V/D − no
significant change in
substrate specificity.
9/8

Glu262/Leu159

Important for activity.

[170]

Note: the
corresponding residue
in NHE1 is also
crucial for function
[144].
TM 5

9/9

Asp267/
Asp164

Important for activity.

[172]

Note: the
corresponding residue
in NHE1 is also
crucial for function
[144].

6/-

Ile326/gap

Intermediate
importance for
activity.
D241N − little effect
on Na+ efflux but
significantly reduces
K+ efflux.

Note: the
corresponding residue
in sod2
Schizosaccharomyces
pombe (Asp241)
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[176]

displays intermediate
to insignificant
importance for the
function of the
transporter [170, 172,
182].
Asp265
In
Zygosacchar
omyces
rouxii Sod222p
(Q9UUT4_Z
YGRO)

TM8

Asp266
In
Zygosacchar
omyces
rouxii Sod222p
(Q9UUT4_Z
YGRO)

TM8

Glu355
In the
Saccharomyc
es cerevisiae
Nhx1
(NAH2_YE
AST)

TM9

9/9

Ser351/His225

Important for activity.

[177]

D265V – not active.
Note: the
corresponding
residues in C. albicans
Cnh1p (Asp266)
[175], S. cerevisiae
Nha1p (Asp266) [176]
and
Schizosaccharomyces
pombe (Asp266) [170,
172] are also crucial
for function.
8/8

Gly352/
Ala226

Important for activity.

[177]

D266V – not active.
Note: the
corresponding
residues in rat NHE1
(G356) and also in
NHE3 (A305) are
involved in amiloride
binding [164].
Also, the
corresponding
residues in C. albicans
Cnh1p (Asp267)
[175], S. cerevisiae
Nha1p (Asp267) [176]
and
Schizosaccharomyces
pombe (Asp267) [170,
172] are crucial for
function.
9/7

Glu391/Leu264

Important for activity.

[178]

E355A – sever
impairment of growth.
E355Q- partial
impairment of growth.
Note: the
corresponding residue
in NHE1 is also
important to activity
[144].

His367
In

TM 11

7/7

Tyr454/Leu334
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Important for activity
and pH regulation.

[172, 182]

Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)

H367/A - not active.
H367D - pH shift to
more alkaline pH.
Note: the
corresponding residue
in NHE1 is important
for cellular
localization [184].

Putatively Nonessential Residues
His67
In
Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)

TM2

5/6

Gln157/Met59

Mutation does not
significantly impair
proton translocation.

[182]

His98
In
Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)

loop 2-3

4/9

Glu184/Gly86

Mutation does not
significantly impair
proton translocation.

[172, 182]

His233
In
Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)

loop 6-7

3/-

Phe322/gap

Mutation does not
significantly impair
proton translocation.

[172, 182]

His424
In
Schizosacch
aromyces
pombe
(fission
yeast) sod2
(NAH_SCH
PO)

TM12

9/8

Gln495/ Ser372

Mutation does not
significantly impair
proton translocation.

[182]

His429
In
Schizosacch
aromyces
pombe
(fission

TM12

6/1

Arg500/
Tyr377

Mutation does not
significantly impair
proton translocation.

[182]

Note: mutation in the
corresponding position
in NHE1 also fails to
change activity [169].
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yeast) sod2
(NAH_SCH
PO)

Table 2: The mutations are divided into putatively essential and nonessential sites. The
locations of the mutations on the corresponding positions in the predicted topology suggested
in this paper for NHE1 and their corresponding numbers in EcNhaA are indicated.
Conservation scores are according to the ConSurf 1−9 (variable-to-conserved) scale,
calculated using 305 NHE1-related Na+/H+ exchanger homologous sequences or 94 bacterial
NhaA Na+/H+ antiporters, as described in Methods in chapter 2.

6.3. Table 3. AP sensitivity of EcNhaA mutants

Location of
the Mutation

NaCl IC50 (µM AP)

LiCl IC50 (µM AP)

1.7

2.2

Wild-type
W62C

TM2

1.2

1.5

F71C

TM2

0.3

0.8*

F72C

TM2

1.8

2.6

G76C

TM2

1.6

1.2

N64C

TM2

0.5

17

H225R
H225Q

TM8

1*

2.3

TM8

0.8

7.8

Table 3: For calculation of the IC50 values of AP inhibition, the activity of the antiporter in
percent dequenching (100% corresponds to the activity in the absence of AP) was plotted
versus different AP concentration as previously described [134]. The Na+/H+ or Li+/H+
antiporter activity was measured at various ion concentrations around the apparent KM at the
pH of maximal activity (pH 8.5 or pH 7.5 *). IC50 values of AP inhibition in mutants that are
different by more than 3-fold than wild-type are bolded.
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CONCLUDING REMARKS
During my doctoral work, I came to the understanding that using a data-integration approach
has the potential to go a long way in providing new frameworks for mechanistic
understanding of central processes in biology. Most prominently, I greatly appreciate the
significance of conducting computational studies that are coupled to experiments. My work
has been focused on the examination of two transmembrane protein families, both essential to
cellular functions and also play a role in terminal diseases. Therefore, the understanding of
their regulatory mechanisms at the molecular level is imperative and directly related to
developing therapies.
My research on the ErbB family employed structural and phylogenetic analyses, integrated
with published experimental data, to explore the mechanism of ErbB regulation at the
molecular level. This research presents a comprehensive view of the available data on these
proteins, which has now reached a crucial stage, where the experimental data and models are
on the point of converging in support of a unified mechanism of receptor activation. My
research also discusses the significance of this mechanism for pathological conditions.
Finally, I studied the molecular interpretation of the effect of cancer-causing mutations and
their implication on therapy with the anti-ErbB drugs.
My work on the Na+/H+ exchangers resulted in a model structure for NHE1. This model
provided a framework for integrating phylogenetic and biochemical data to suggest a scheme
for the ion-translocation mechanism at the molecular level. It is likely that my model
structure will lead to revision of the field, because it provides the means for formulating
hypotheses and testing them empirically, e.g., by using mutations as done by my
collaborators. It might also pave the way to structure-based drug design of additional NHE1
inhibitors of clinical benefit.
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ABSTRACT
Key amino acid positions that are important for maintaining the 3D structure of a protein and/or its function(s), e.g. catalytic activity, binding to ligand, DNA
or other proteins, are often under strong evolutionary
constraints. Thus, the biological importance of a
residue often correlates with its level of evolutionary conservation within the protein family. ConSurf
(http://consurf.tau.ac.il/) is a web-based tool that
automatically calculates evolutionary conservation
scores and maps them on protein structures via a
user-friendly interface. Structurally and functionally
important regions in the protein typically appear as
patches of evolutionarily conserved residues that are
spatially close to each other. We present here version
3.0 of ConSurf. This new version includes an empirical
Bayesian method for scoring conservation, which is
more accurate than the maximum-likelihood method
that was used in the earlier release. Various additional
steps in the calculation can now be controlled by a
number of advanced options, thus further improving
the accuracy of the calculation. Moreover, ConSurf
version 3.0 also includes a measure of confidence
for the inferred amino acid conservation scores.
INTRODUCTION
The degree to which an amino acid position is recessive to
substitutions is strongly dependent on its structural and functional importance. An amino acid that plays an essential role,
e.g. in enzymatic catalysis, is likely to remain unaltered in spite
of the random evolutionary drift. Hence, the level of evolutionary conservation is often indicative of the importance of the
position in maintaining the protein’s structure and/or function.

ConSurf is a web server for mapping the level of evolutionary conservation of each of the amino acid positions of a protein
onto its 3D structure (1). The conservation scores are calculated
based on the evolutionary relations among the protein and
its homologs and the probability of residue replacement as
reflected in amino acid substitution matrices (2,3). The scores
are subsequently translated into a discrete coloring scale that
is used to project them on a known 3D structure of one of the
homologous proteins. The server is implemented in a userfriendly interface that enables scientists from the experimental
biology as well as the bioinformatics communities to explore
the evolutionary history of a protein of known 3D structure and
to identify structurally and functionally important positions.
We provide here a brief review of ConSurf with emphasis
on the new features that were added recently.

METHODS
A short description of the methodology is provided here and a
more detailed description is available at http://consurf.tau.ac.il/,
under ‘OVERVIEW’, ‘QUICK HELP’ and ‘FAQ’.
ConSurf protocol
A flow chart, describing the ConSurf protocol, is presented
in Figure 1. The minimal input requirement for ConSurf is a
four-letter PDB (4) code and the relevant chain identifier of
the query protein. Alternatively, a user-provided protein structure in the form of a PDB file can be uploaded. Using the 3D
structure of the query protein as an input, the following steps
are automatically carried out by ConSurf:
(i) The amino acid sequence is extracted from the PDB file.
(ii) Homologous sequences in the SWISS-PROT database (5)
are searched and collected using PSI-BLAST (6).
(iii) A multiple sequence alignment (MSA) of these sequences
is computed using CLUSTAL W (7).
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Figure 1. A flow chart of a ConSurf calculation.

(iv) A phylogenetic tree is reconstructed based on the MSA,
using the neighbor-joining algorithm (8) as implemented
in the Rate4Site program (3).
(v) Position-specific conservation scores are computed using
the empirical Bayesian (2) or maximum-likelihood (3)
algorithms.
(vi) The continuous conservation scores are divided into a discrete scale of 9 grades for visualization purpose. Grade 1
contains the most variable positions and is colored turquoise; grade 5 contains intermediately conserved positions and is colored white; and grade 9 contains the most
conserved positions and is colored maroon.
(vii) The nine-color conservation grades are projected onto the
3D structure of the query protein.
The sensitivity and selectivity of the search for homologous
proteins [step (ii) above] can be controlled by adjusting the
number of PSI-BLAST iterations, the PSI-BLAST E-value
cut-off and the maximum number of sequences extracted
from PSI-BLAST (6). As an alternative to this automatic
search, the server accepts a user-provided MSA. In such a
case, steps (ii) and (iii) in the outline protocol are skipped.
ConSurf outputs
After the calculation begins, ConSurf produces a status page
indicating the computation parameters along with the different
stages of the server activity. The main result of a ConSurf
calculation is under the link ‘View ConSurf Results with Protein Explorer’, which leads to the graphic visualization of the
query protein, color coded by conservation scores, through the
Protein Explorer interface (9). The continuous conservation
scores of each of the amino acid positions are available under
the link ‘Amino Acid Conservation Scores’, along with the
color grades and additional data. The script command for
viewing the 3D structure of the query protein, color coded
by conservation scores, is available under the link ‘RasMol
coloring script source’. This file can be downloaded and used
locally with the RasMol program (10), thus producing the

Figure 2. A ConSurf analysis of the Kcsa potassium channel. The tetrameric
channel, which is viewed along the pore from the extracellular end, is presented
using a space-filled model. The amino acids are colored by their conservation
grades using the color-coding bar, with turquoise-through-maroon indicating
variable-through-conserved. Amino acid positions, for which the inferred
conservation level was assigned with low confidence, are marked with light
yellow. The potassium ion at the channel pore is colored green. Conservation
scores, which were calculated for one of the channel’s subunits, were projected
on the homotetrameric structure. The run was carried out using PDB code
1bl8 (11) and default ConSurf parameters. The picture was generated using
MOLSCRIPT (21) and Raster3D (26).

same color-coded scheme generated by the server. A PDB
file, in which the conservation scores are specified in the
temperature (B) factor field, can be downloaded through the
link: ‘The PDB file updated with the conservation scores in
the tempFactor field’. Thus, any 3D protein viewer, such as the
RasMol program (10), which is capable of presenting the B
factors, is suitable for mapping the conservation scores on the
structure.
The ConSurf output also includes links to the PSI-BLAST
results, the homologous sequences along with a link to their
SWISS-PROT entry page, the MSA and the phylogenetic tree
used in the calculation.
As an example, we provide in Figure 2 the main output of a
ConSurf run of the Kcsa potassium-channel (11), a transmembrane protein from Streptomyces Lividans. Kcsa is a homotetramer with a 4-fold symmetry axis about its pore. The ConSurf
calculations demonstrate the high level of conservation of the
pore region as compared with the rest of the protein. The pore
architecture provides the unique stereochemistry which is
required for efficient and selective conduction of potassium
ions (11). The biological importance of this stereochemistry is
reflected by a strong evolutionary pressure to resist amino acid
replacements in the pore. In contrast, the regions that surround
the pore and face the extracellular matrix are highly variable.
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NEW ADDITIONS AND IMPROVEMENTS
IN ConSurf
An empirical Bayesian method to score conservation
The heart of the ConSurf server is the calculation of the conservation scores of each amino acid position. In the previous
version of the server, the maximum-likelihood method (3) was
used as the default option to this end. Recently, we showed
that an empirical Bayesian method can significantly improve
the accuracy of the estimated conservation scores (2). The
empirical Bayesian method is particularly superior to the
maximum-likelihood method when the number of homologous sequences analyzed is small (2). The new method is
now integrated in ConSurf as the default option. The usage of
the maximum-likelihood method is still available under the
‘Method’ pull-down menu.
Estimation of the reliability of the inferred
conservation scores
An amino acid position that is conserved across all homologous sequences will always be assigned with the highest
conservation grade. Yet, there is a difference if the conservation score is inferred based on a small MSA of, for example,
4 sequences, or based on a larger set of 30 sequences. Additionally, since the conservation calculation for positions with
a lot of gaps is based on a fewer number of sequences, the
conservation score for these positions will be less reliable
than positions that have no gaps. The reliability of the conservation computation is not only determined by the number
of sequences in each position but also by the evolutionary
distances between the sequences, the phylogenetic tree
topology and the evolutionary process.
One of the most important new features in ConSurf version
3.0 is the inclusion of a measure of the confidence of each
of the inferred position-specific conservation scores. The
measure is calculated using the empirical Bayesian method,
as explained in (12) and at http://consurf.tau.ac.il/ under
‘OVERVIEW’. In short, it is based on a confidence interval
that is defined by the lower and upper quartiles: the 25th and
75th percentiles of the inferred distribution of conservation
scores, respectively. It gives the 50% confidence interval and
also indicates the dispersion of each of the estimated scores.
The confidence interval is usually large in positions with a
small number of sequences, thus indicating a low level of
support in the inferred conservation scores for these positions.
When the number of sequences is large, the confidence interval is small, and the point score estimates are more assured.
Amino acid positions, associated with confidence intervals
that are too large to be trustworthy, are marked in the output
files of the server and highlighted (in pale yellow) on the 3D
structure of the protein (Figure 2).
Models of amino acid substitutions
The inference of the evolutionary conservation scores relies
on a specified probabilistic model of amino acid replacements (3). The JTT matrix (13) was used to this end in
the previous version of ConSurf. In version 3.0, we expanded
the utility of ConSurf to support additional models of substitution for nuclear DNA-encoded as well as non-nuclear
DNA-encoded proteins. The model of substitution can be
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chosen from the ‘Model of substitution for proteins’ pulldown menu, which is available in the ‘Advance Options’
section of the ConSurf main interface. The JTT (13),
Dayhoff (14) and WAG (15) matrices are suitable for nuclear
DNA-encoded proteins. The WAG matrix has been inferred
from a large database of sequences comprising a broad range
of protein families, and is thus suitable for distantly related
amino acid sequences (15). The mtREV (16) and cpREV (17)
matrices are suitable for mitochondrial and chloroplast DNAencoded proteins, respectively. Examples that demonstrate
the influence of using the different matrices on the calculations are available at http://consurf.tau.ac.il/ under ‘OVERVIEW’. The differences between ConSurf calculations using
different matrices tend to be small but not negligible.
User-provided phylogenetic tree
A user-provided phylogenetic-tree (that should be consistent
with the MSA) may be supplied as an additional input. In this
case, steps (ii–iv) in the ‘ConSurf protocol’ (specified above)
are skipped. We note that the accuracy of the conservation
scores calculations relies on the correct reconstruction of the
phylogeny (18). Default ConSurf runs are carried out using
phylogenetic trees that are constructed with the neighborjoining algorithm. The new feature enables the users to supply
more accurate trees.

WORK UNDER DEVELOPMENT
We are currently integrating a few more enhancements
to ConSurf. At present, ConSurf uses the neighbor-joining
algorithm as a fast heuristic method to construct phylogenetic
trees. Notwithstanding, the more exhaustive maximumlikelihood tree-reconstruction method is known to produce
more accurate phylogenetic trees (19), which should increase
the accuracy of the calculated conservation scores (18). We
will integrate the maximum-likelihood-based SEMPHY program (20) into ConSurf. This program reconstructs phylogenetic trees dramatically faster than other maximum-likelihood
tree-reconstruction methods (20), and can thus be used with
little additional computational cost.
A computational tool will be developed, which will enable
a simultaneous online view of the phylogenetic tree while
analyzing the evolutionary profile of the protein. This interactive tool will allow the user to mark specific branches, which
will be used for in-depth ConSurf analyses. For example, the
selection of specific clades (sub-trees) may be used to define
sub-families. The examination of ConSurf analysis of subfamilies may reveal specific characters that are unique to
each of them.
The main output of ConSurf is the projection of the conservation scores on the 3D structure of the query protein. In
order to easily generate high-resolution color figures, we will
provide a script command for the MOLSCRIPT program (21)
as an additional output.
A planned enhancement to ConSurf will be the inclusion
of all the visualization results in the header of the PDB file.
The format that will be used to this end will allow an interactive offline view of the results using Protein Explorer on the
user machine, exactly as they appear online.
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CONCLUSIONS
ConSurf (1) is a web server that automatically calculates
evolutionary conservation scores for each amino acid position
and projects them onto the 3D structure of the protein. Evolutionary trace (ET) (22,23) is a related web server that may
also be used to map conservation scores on the 3D structure.
However, the ET method (23), which was developed for the
identification of class-specific residues, is less accurate than
ConSurf for scoring conservation (3). This may explain why
biologically important regions that were detected using ConSurf were overlooked by the ET web server (1). (See http://
consurf.tau.ac.il/, under ‘OVERVIEW’ for details). Other
related web servers, such as MSA3D (9), ProtSkin (24) and
COLORADO3D (25), may also be used to present conservation scores on protein structures. These web servers use a
consensus approach to infer conservation, which is inferior
to methods, such as the ET and ConSurf’s maximumlikelihood and empirical Bayesian that explicitly take into
account the phylogeny of the homologous sequences under
study (2,3). Moreover, all the above servers are not fully
automated as ConSurf and require a user-provided MSA.
The new version of ConSurf includes an improved algorithm for scoring evolutionary conservation and provides an
index of confidence in the estimated scores. In addition, while
ConSurf is still easy to use with default options, expert users
can benefit from several advanced options that were added in
order to provide more control over the calculations and so to
increase the accuracy of the results.
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Summary
Tyrosine kinase receptors of the EGFR family play
a significant role in vital cellular processes and in
various cancers. EGFR members are unique among
kinases, as the regulatory elements of their kinase
domains are constitutively ready for catalysis. Nevertheless, the receptors are not constantly active. This
apparent paradox has prompted us to seek mechanisms of regulation in EGFR’s cytoplasmic domain that
do not involve conformational changes of the kinase
domain. Our computational analyses, based on the
three-dimensional structure of EGFR’s kinase domain
suggest that direct contact between the kinase and
a segment from the C-terminal regulatory domains
inhibits enzymatic activity. EGFR activation would then
involve temporal dissociation of this stable complex,
for example, via ligand-induced contact formation
between the extracellular domains, leading to the reorientation of the transmembrane and intracellular
domains. The model provides an explanation at the
molecular level for the effects of several cancer-causing EGFR mutations.
Introduction
The epidermal growth factor receptor (EGFR) family of
receptor tyrosine kinases (RTKs), also known as ErbB
or HER, consists of four members, ErbB1, -2, -3, and -4
(Schlessinger, 2000). The receptors, which are activated
by some dozen ligands, including EGF and TGF␣, play
an important role in the control of many fundamental
cellular processes (Schlessinger, 2000). Mutations and
overexpression of the ErbBs have been implicated in
malignant diseases such as carcinoma and glioblastoma and are linked with aggressive disease, resistance
to chemotherapy, and poor survival (Dancey, 2004). Accordingly, the ErbBs are attractive targets for anticancer
drugs (Cho et al., 2003; Yarden and Sliwkowski, 2001).
Structurally, the ErbBs consist of an N-terminal, extracellular domain that is connected by a short transmembrane span to a tyrosine kinase domain, which is in turn
followed by a C-terminal domain.
In all RTKs, including the ErbBs, the active kinase
triggers a wide spectrum of crucial intracellular signaling
events (Schlessinger, 2000), and their catalytic activity
is encapsulated in multiple layers of regulation (Huse
*Correspondence: bental@ashtoret.tau.ac.il

and Kuriyan, 2002). A primary means of regulation in
RTKs is ligand binding to the extracellular domain, leading to dimerization or formation of higher-order oligomers of the receptors and enzymatic activation (Schlessinger, 2000, 2003). Similarly, activation of ErbB1, -3,
and -4 involves ligand-induced contact formation between the extracellular domains of different members
of the ErbB family to form homo- and heterodimers
(Schlessinger, 2000). Some studies have shown that,
without a ligand, EGFR exists mostly in a monomeric
form and that ligands induce its dimerization and activation (Yarden and Schlessinger, 1987). On the other hand,
recent studies have demonstrated that while required,
dimerization is not sufficient for activation and that in
the absence of a ligand, stable, inactive dimers exist in
a form in which contact between monomers involves
the transmembrane and intracellular domains (Biswas
et al., 1985; Gadella and Jovin, 1995; Moriki et al., 2001;
Yu et al., 2002). Experimental evidence (Cadena et al.,
1994), as well as the computational results presented
below, demonstrates that the C-terminal domain plays
a role in such contact formation.
In most tyrosine kinases (TKs) excluding the ErbBs,
an important means of regulation involves profound
structural changes along with transautophosphorylation
of the kinase domain (Schlessinger, 2000). In contrast,
the ErbB family is unique in that activation is independent of its phosphorylation state (Gotoh et al., 1992). The
structure of the apo-EGFR kinase domain demonstrated
that its unphosphorylated conformation was, in essence, identical to the phosphorylated conformations
of other TKs (Stamos et al., 2002).
Recently, a structure of the kinase domain of the EGFR
in complex with the inhibitor GW572016 (Lapatinib) was
determined (Wood et al., 2004). This structure shows
several differences, including different conformations of
the substrate and ATP binding sites (Wood et al., 2004),
from either the structure of the apo-EGFR or of EGFR
bound to the OSI-774 (Tarceva) inhibitor (Stamos et al.,
2002). The authors have suggested that these differences are due to the fact that the conformation seen in
the GW572016 bound kinase domain reflects an inactive
state that is accessible to the kinase domain under physiological conditions. However, GW572016 is very bulky
in comparison to OSI-774. Thus, as the authors indicated, another possibility is that the differences in the
structures are due to the inhibitor’s large size, which
forces a conformation that is far from native. That the
apo-EGFR kinase domain is seemingly in a constitutively
active conformation (Stamos et al., 2002) leads to an
apparent paradox, since it is well established that ErbBs
are not constitutively active (Schlessinger, 2000). Hence,
our working hypothesis, as presented in Figure 1, was
that ErbBs are regulated by another mechanism intrinsic
to the intracellular domain; one that is phosphorylation
independent.
The orphan receptor ErbB2 presents an even more
intriguing case than other members of the EGFR family
because its activation is not only phosphorylation inde-
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Figure 1. Schematic Diagram Representing
the Suggested Model of EGFR Activation
Two EGFR monomers are colored light purple
and yellow. The extracellular domain (residues 1–620, labeled I, II, III, and IV according
to its subdomains) and the kinase domain
(residues 685–957) are connected via a transmembrane helix (residues 621–642) and a
short juxtamembrane segment (not shown).
The C-terminal domain, comprising 229 amino
acids, whose structure has not been determined, follows the kinase domain. Tyrosine
residues (Y) known as the autophosphorylation sites in the C-terminal domain are indicated. In the inactive conformation (left), each
of the extracellular domains assumes a compact structure, and the intracellular domains
contact via the C-terminal fragments, leading
to an inactive and stable form. Activation
(right) occurs when ligands (purple ovals)
bind to the extracellular domains, leading to
the formation of a stable extracellular contact, which is followed by the rotation of the transmembrane helices and the subsequent destabilization of the contacts between the C-terminal and kinase domains. The kinase can now transautophosphorylate the tyrosine residues of its own C-terminal domain, as well as tyrosine
residues of its protein substrates. The figure displays an illustration of the transmembrane domain; the suggested molecular model for the
transmembrane domain in the active and inactive states was presented in (Fleishman et al., 2002). Positive and negative charges are marked
in the active conformation on the kinase and C-terminal domains, respectively. In the inactive conformation, they roughly neutralize each
other (Figure 2).

pendent, but also ligand independent (Cho et al., 2003).
The absence of clear regulation of ErbB2 activation
prompted us to propose a molecular mechanism for
rotation-coupled activation of this receptor (Fleishman
et al., 2002). Specifically, the transmembrane domain of
an ErbB2 homodimer may occupy one of two stable
conformations, corresponding to the active and inactive
states of the receptor. The switch between the two conformations, involving a rotation of the transmembrane
domain (Jiang and Hunter, 1999), induces the reorientation of the cytoplasmic domains within receptor dimers,
thus leading to transautophosphorylation and stimulation of enzymatic activity. In this paper, we shall analyze
the implications of this mode of activation on the conformation of the intracellular kinase domain.
The C-terminal domain plays a role in the internalization and degradation of the EGFR (Chang et al., 1995)
and in EGFR’s regulation by other molecules (Huse and
Kuriyan, 2002). This domain also serves as a docking
site for protein modules that bind the phosphotyrosines
on the activated receptors (Schlessinger, 2000). In addition to these roles, the importance of the C-terminal
domain for proper functioning of the EGFR was previously noted on the basis of studies of viral and other
mutant EGFR members (Boerner et al., 2003; Chang et
al., 1995; Wedegaertner and Gill, 1992).
Naturally occurring retroviral oncogene variants (v-ErbB)
are an extracellular domain-truncated form of the EGFR
gene that affects cell growth, motility, and survival (Gamett et al., 1986). These v-ErbB variants share striking
homology with mutants of the human EGFR members
that have been identified in gliomas and carcinomas
(Frederick et al., 2000). Truncation of the extracellular
domain is insufficient to manifest the transforming properties of the different v-ErbB variants; these properties
are probably related to amino acid replacements, insertions, and deletions in the C-terminal domain (Boerner

et al., 2003; Massoglia et al., 1990; Riedel et al., 1987).
Variations in the C-terminal domain of ErbB receptors
are known to be responsible for the alterations in the
transforming potential and type of malignant diseases
due to the expression of v-ErbBs in affected cells (Gamett et al., 1986; Pelley et al., 1989; Raines et al., 1988).
The increased substrate-phosphorylation capacity of
the C-terminally impaired EGFR is not attributed to
lesser degradation and internalization, but rather to an
enhanced rate of autophosphorylation (Robinson et al.,
1992), thus providing direct evidence for a relationship
between C-terminal domain impairment and increased
catalysis.
Here, we propose a molecular model clarifying some
of the ambiguity regarding the role of the C-terminal
domain in ErbB regulation. According to the model (Figure 1), contact between the intracellular domains of the
EGFR within a dimer leads to receptor inactivation, while
ligand-induced contact between the extracellular domains leads to rotation-coupled activation (Fleishman
et al., 2002; Jiang and Hunter, 1999; Moriki et al., 2001)
by destabilization of the intermonomer contacts in the
cytoplasmic domain. According to this scenario, interactions between the intracellular domains regulate activation (Burgess et al., 2003; Chantry, 1995), and the
C-terminal domain acts as an inherent negative regulator of the EGFR’s activity. This model offers a molecular
mechanism that underlies the tumorigenic activity of
EGFR mutants.
Results
Geometric Complementarity between the Kinase
and C-Terminal Domains
The crystal structure of the EGFR (Stamos et al., 2002)
(PDB entries 1m14 and 1m17) includes the kinase domain (residues 685–957) and a segment from the
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Figure 2. Geometric and Electrostatic Complementarity between the Kinase and C-Terminal Domains
(A) A space-filled model of EGFR’s homodimeric complex (Stamos et al., 2002) showing
the geometric complementarity within the
complex. The kinase domains are colored
light purple and yellow, the C-terminal fragments are colored cyan, and the inhibitor is
colored purple. The dimer is symmetric,
which means that each kinase domain is in
contact with both C-terminal fragments,
yielding one large and one small interface per
monomer. The interactions with the C terminus are identical in both monomers. Figure
2A was made by using MOLSCRIPT (Kraulis,
1991) and Raster3D (Merritt and Bacon,
1997).
(B–D) A projection of the electrostatic potential (φ) onto the molecular surface of the kinase domain and the C-terminal fragment
that comprise the complex in (A); φ ⬎ 10 kT/e
is dark blue, φ ⫽ 0 is white, and φ ⬍ ⫺10
kT/e is dark red. Yellow ellipses mark the interfaces between the kinase domains and the
C-terminal fragments. The figures were produced by using GRASP (Nicholls et al., 1991). (B) The left-most kinase domain shown in (A) (yellow)
was rotated 90⬚ to the left relative to its orientation in (A). (C) The C-terminal fragment is shown in the same orientation as the upper segment
in (A). (D) The right-most kinase domain shown in (A) (light purple) was rotated 90⬚ to the right relative to its orientation in (A). The electrostatic
complementarity between the negatively charged C-terminal fragment and the positively charged residues of the kinase domain that interact
with it is noticeable.

C-terminal domain (residues 977–995). The crystal structure reveals six putative dimer forms (Stamos et al.,
2002). We focus here on the one with the largest intersubunit interface. In this complex, the kinase domain
was found as a symmetric homodimer (Figure 2A), in
which two copies of the fragment of the C-terminal domain mediate contact between the two kinase domains.
This dimer is also the only one in which the kinase domains’ N termini are facing in the same direction, in
accordance with the physiological requirement that the
two domains connect to the membrane bilayer.
We calculated the water-accessible surface area of
the kinase domain alone and within the homodimeric
complex. Each kinase monomer contacts two C-terminal fragments (Figure 2A). The water-accessible surface areas of these interfaces are 1419 Å2 and 1048 Å2.
Thus, the total interface between each monomer of the
kinase domain and the C-terminal fragments is 2467 Å2,
and the interface within the entire complex is twice as
large, constituting a very large interface compared to
typical interprotein interfaces (Jones and Thornton,
1996).
Charge Complementarity between the Kinase
and C-Terminal Domains
Electrostatic calculations show strong positive potential
in the kinase domain at its interface with the C-terminal
fragments (Figures 2B and 2D). This potential originates
from positively charged residues in both subunits, suggesting that the kinase domains would repel one another
in the absence of the C-terminal fragments. Kinase domains from other ErbBs, which were constructed by
using homology modeling, displayed similar positive
electrostatic potentials in the corresponding regions
(data not shown). The C-terminal fragment of all of the

ErbBs contained 8–10 acidic and no basic residues (Figure 3). These residues produced a highly negative electrostatic potential (Figure 2C). Thus, the kinase domain
and the C-terminal fragments form complementary surfaces in terms of their electrostatic potential. The geometric and charge complementarity (Figures 2B–2D),
together with the significant size of the interface (Figure
2A), are indicative of the stability of the complex and
suggest that it may be biologically meaningful.
Following the experiments of Chang et al. (1995) discussed below, we simultaneously substituted each of
the negatively charged residues 979–982 (DEED, Figure
3) in the C-terminal domain with its polar equivalent, i.e.,
D→N and E→Q. The mutated C-terminal fragment is
much less negatively charged than the native fragment
(Figure 4B), and this difference in charge obstructs its
electrostatic complementarity with the kinase domain
and presumably destabilizes the complex. We further
mutated the same positions to four positively charged
lysine residues (Figure 4C). Electrostatic analysis of the
mutated C-terminal fragment displayed a positive potential at the N-terminal region of the fragment, which
would lead to its electrostatic repulsion from the kinase
domain. To test whether the charge complementarity is

Figure 3. Abundance of Acidic Residues in the Fragment of the
C-Terminal Domain
The multiple sequence alignment of the C-terminal segments of the
four human members of the ErbB family. Each segment contains
between 8 and 10 acidic residues (marked in red).
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Figure 4. Electrostatic Analysis of Reported
and Novel Mutations in the EGFR C-Terminal
Fragment
A projection of the electrostatic potential (φ)
onto the molecular surface of the C-terminal
fragment; the color coding is as in Figures
2B–2D.
(A) The C-terminal fragment of the native
EGFR, in the same orientation as in Figure 2C
(central image), rotated 90⬚ to the right (right
image) or left (left image). The location of selected residues is marked.
(B) The C-terminal fragment, in the same orientations as in (A), in which the negatively
charged residues in the 979–982 positions
(DEED) were mutated to their polar equivalent
(NQQN).
(C) The C-terminal fragment, in the same orientations as in (A), in which the same positions were mutated to positively charged lysine residues.

unique to ErbBs among TKs, we examined the electrostatic potentials of a few TKs of known structures as
described in the Supplemental Data (available with this
article online; Electrostatic calculations). These domains,
which were derived from remotely related proteins, display diverse electrostatic characteristics. In particular,
they do not share EGFR’s strong positive electrostatic
potential at the interface with the C-terminal fragments
(data not shown), suggesting that such electrostatic interactions between the kinase and the C-terminal domains are specific to the ErbBs.
A Network of Ion Pairs and Hydrogen
Bonds at the Interface
Our analysis demonstrated that a network of salt bridges
and hydrogen bonds connects the two adjacent kinase
domains through the C-terminal fragments (Figure 5B).
We identified four charged residues within this network
that are involved in several interactions with neighboring

residues and are buried at the interface of the EGFR
complex. Of these residues, two are positively charged
(Lys822 and Lys828 on the kinase domain) and two are
negatively charged (Asp988 and Asp990 on the C-terminal fragment) (Figure 5B).
Polar networks, such as the one observed in the EGFR
interface (Figure 5B), significantly increase the stability
of complexes and contribute to the binding specificity
(Sheinerman et al., 2000). Therefore, mutations of charged
positions in the network would alter the stability of the
complex (Serrano et al., 1990). An even larger effect
would be obtained by mutating them in pairs. For example, mutating Lys822 and Lys828 to aspartates or Asp988
and Asp990 to lysines altered the electrostatic surface
of the kinase domain and the C-terminal fragment, respectively (Figure 6). Such mutations would impinge on
the formation of the EGFR complex and kinase activation.
The importance of the network for the stability of the

Figure 5. A Network of Ion Pairs and Hydrogen Bonds across the Interface of the EGFR
Complex
The kinase domain monomers are displayed
as ribbons and colored light purple and yellow. The C-terminal fragment is colored cyan.
(A) The EGFR homodimeric complex (Stamos
et al., 2002) as viewed with a clockwise rotation of about 90⬚ compared to Figure 2A.
(B) A close view, in the same orientation as
in (A), of the polar network connecting the
C-terminal fragment with its two adjacent kinase domains. The C␣ atoms of residues
comprising the polar network are displayed
as spheres. Four selected residues in the network (Lys822, Lys828, Asp988, Asp990; their
side chains displayed as sticks) are buried in
the core of the kinase/C-terminal fragment
interface, suggesting that they play a key role
in complex stabilization (Sheinerman et al.,
2000). Solid pink lines connect the C␣ (or
nearest neighbors) atoms of residues that form ion pairs and hydrogen bonds in the network. By symmetry, identical interactions connect
residues between the second C-terminal fragment and the kinase domains (not shown). Each residue in the network is involved in a few
interactions with neighboring residues. For instance, Asp990, located on the C-terminal domain, interacts with Lys822, located on one kinase
domain monomer (yellow), and with Lys799, located on the second kinase domain monomer (light purple), presumably stabilizing the complex.
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Figure 6. Electrostatic Analysis of Novel Mutations in the EGFR Kinase and C-Terminal Domains
A projection of the electrostatic potential (φ) onto the molecular
surface of the kinase domain and the C-terminal fragment; the color
coding is as in Figures 2B–2D.
(A) The native kinase domain in the same orientation as in Figure 2D.
(B) The R822D/R828D double mutant EGFR kinase domain in the
same orientation as in (A).
(C) The native C-terminal fragment of the EGFR rotated 90⬚ to the
left relative to its orientation in Figure 2C.
(D) The D988R/D990R double mutant C-terminal domain in the same
orientations as in (C).

complex can be tested experimentally by using the double mutant cycle approach (Serrano et al., 1990). Briefly,
if the additive effects of mutating two residues separately (e.g., Lys822→Asp and Asp990→Lys) is significantly different from the effect of mutating the same
two residues simultaneously, then the two positions are
interdependent (Serrano et al., 1990), e.g., are involved
in a salt bridge. Based on our analysis of the network,
we suggest using a double mutant cycle, in which each
step involves mutating a pair of similarly charged residues in the EGFR interface, as specified above.
Model of C-Terminal Domain Regulation
of Kinase Activity
One of the phosphorylation sites of the C-terminal domain (Tyr992) is located on the fragment that forms contact with the kinase domain and is therefore inaccessible
to phosphorylation in this conformation. The catalytic
sites in the kinase domains are facing away from each
other in the complex; therefore, transphosphorylation
of residues on the kinase domain is improbable. The
above two observations suggest that the EGFR crystal
structure represents an inactive form of the receptor.
The EGFR participates in imperative cell processes and
ought to remain inactive under most physiological conditions (Huse and Kuriyan, 2002). Therefore, its inactive
state should be very stable. Indeed, the complex in the
crystal structure of the EGFR appears to be stable,
based on the geometric and charge complementarity,
further supporting the notion that this complex is inactive. It has been suggested that ligand-induced contact
formation of the extracellular domains would lead to

reorientation of the transmembrane domains (Fleishman
et al., 2002; Jiang and Hunter, 1999; Moriki et al., 2001)
and, subsequently, to rearrangements in the cytoplasmic domains (Figure 1). Any reorganization of the
cytoplasmic complex, followed by a change in the position of the negatively charged C-terminal fragment,
would lead to electrostatic repulsion between the two
positively charged kinase monomers (Figure 2). Hence,
this model of conformational changes during receptor
activation may constitute a hitherto unknown mode of
regulation.
Strong reinforcement of this model of regulation is
provided by data on the EGFR analog c-ErbB (Chang
et al., 1995). Deletions of a C-terminal fragment of this
receptor (corresponding to residues 966–1006 of the
EGFR) lead to higher autokinase activity compared to
normal c-ErbB and transforming ability in vitro and
in vivo. Moreover, a mutant in which the four consecutive
acidic residues EEED were replaced by the polar segment QQQN showed higher autokinase activity and a
partial transformation phenotype. Since the two mutants
and normal receptors have similar rates of degradation,
the higher transforming ability of the mutants could not
be attributed to a longer half-life of the mutant receptor
(Chang et al., 1995). These data are consistent with our
results. The four acidic residues, which correspond to
the DEED segment (Asp979–Asp982) in the EGFR, are
located on the C-terminal fragment (Figure 3) that forms
contact with the kinase domain. Our analysis showed
that these positions contribute significantly to the negative electrostatic potential of the fragment (Figure 2),
and their substitution with polar residues reduces the
complementarity between the kinase and C-terminal domains (Figure 4B), presumably destabilizing the inactive
complex.
Internal deletions of segments in the C-terminal domain of the EGFR have also been detected in naturally
occurring EGFR mutants, which display tumorigenic
properties. For example, an internal deletion of residues
959–1030 has been detected in EGFRs sequenced from
human glioblastomas (Boerner et al., 2003; Chang et al.,
1995; Frederick et al., 2000). Some viral ErbBs contain an
in-frame deletion of 139 residues within the intracellular
region, immediately following the kinase domain (Boerner
et al., 2003; Chang et al., 1995; Frederick et al., 2000).
This region contains the C-terminal fragment contacting
the kinase domain according to the X-ray structure
(Stamos et al., 2002). Our model suggests that the internal deletions in the C-terminal domain yield constitutively active forms of EGFR by means of destabilization
of the inactive complex.

Evolutionary Conservation Analysis
The kinase domain of ErbB3 has no catalytic activity,
yet it dimerizes with other members of the ErbB family
to produce heterodimers with highly efficient catalytic
activity (Schlessinger, 2000). These distinct features are
manifested in the evolutionary-conservation analysis.
ErbB3’s kinase domain displays variations in the catalytic site in comparison to other members of the ErbB
family, thus rendering it inactive. However, the interface
between the kinase domain and the C-terminal fragment
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is highly conserved within the ErbBs and their orthologs,
including ErbB3. As a reference, an analysis of 121 kinase domains from various TKs showed that the catalytic site, including the ATP and substrate binding loop,
was highly conserved, whereas the interface between
the kinase domain and the C-terminal fragment was
highly variable (data not shown).
Overall, the conservation analysis provides further
support for the suggestion that the dimeric complex
observed in the crystal structure is not common to all
the TKs. However, the contact area between the kinase
and C-terminal domains in this complex is common to
the ErbBs, which thus maintain the ability to produce
homo- and heterodimers through the same interface.

A Network of Correlated Amino Acid Substitutions
between Regulatory Elements
By and large, all TKs carry out the same catalytic process. Thus, key residues in the kinase domain, which
are responsible for catalysis of phosphotransfer, are
under strong evolutionary constraint, as mentioned
above. However, in order for the kinases to be involved
in numerous and distinct signal transduction pathways,
each kinase family exhibits variations in its amino acid
sequence that are necessary for the modification of the
mode of regulation. Since multiple positions are involved
in determining these traits, these sequence variations
should occur concomitantly in relevant regulatory elements. In other words, during evolution, substitutions
of one residue in regulatory elements may be compensated by a concurrent change in another residue, in
order to maintain the structural or functional relationship
between these positions (Fleishman et al., 2004b).
In order to look for particular positions that could play
a role in regulation, we analyzed the set of 121 multiply
aligned TKs of diverse families in search of pairs of
amino acid positions that might be evolutionarily correlated (Fleishman et al., 2004b). The analysis revealed
152 pairs of correlated residues, among which we identified a network of 14 highly intercorrelated positions (Figure 7A and Table 1).
The kinase domain includes several regulatory elements, such as the ␣C helix and activation loop, which
play a role in allosteric regulation and are responsible
for conformational changes. These elements function
together to control activation, i.e., their movements are
concurrent and their conformations are mutually dependent (Huse and Kuriyan, 2002). Our analysis showed
pairs of evolutionarily correlated positions in these
known regulatory elements. For example, Ala743, which
is located on the ␣C helix, is correlated with Gly849 of
the activation loop (Figure 7A).
The LVI segment (residues 955–957) of EGFR and its
equivalent segments in other ErbBs are necessary for
ligand-independent dimerization of the EGFR intracellular domains and for transphosphorylation in ErbB2 and
ErbB3 heterodimers through allosteric regulation (Stamos
et al., 2002). Leu955 in this LVI segment is correlated
with Tyr740, which is located on the ␣C helix (Figure
7A). The association of the ␣C helix with a known dimerization motif exemplifies interdomain relationships between regulatory elements in the ErbBs. Both of these

Figure 7. Evolutionarily Correlated and Specificity-Determining Amino
Acid Sites
The EGFR homodimeric complex (Stamos et al., 2002) as viewed
with an upward rotation of about 180⬚ compared to Figure 2A. The
kinase domains, presented by using trace models, are colored light
purple and yellow, the C-terminal fragments are colored cyan, and
the inhibitor is shown as a purple space-filled model. The ␣C helix
(residues 729–744) and the activation loop (residues 831–852) are
colored green.
(A) The residues in the cluster of the most significant pairs of correlated amino acid sites are displayed as space-filled models. Solid
pink lines connect a few of the pairs of correlated residues (highlighted in Table 1) in the EGFR homodimer. Correlations within the
kinase domain are demonstrated only on the left monomer, and
correlations between the kinase and the C-terminal domains are
demonstrated only on the upper interface. The correlations between
known regulatory elements, such as the ␣C helix and the activation
loop and the interface between the kinase domain and C-terminal
fragment, suggest that the latter may also be involved in regulation.
(B) The main specificity-determining residues are located on the ␣C
helix, the activation loop, the C-terminal fragment, and its interfaces
on the kinase. This suggests that the regulatory elements in the
EGFR had evolved specifically to stabilize the active conformation.
Concurrently, an alternative negative regulatory mechanism had
evolved in the form of the inactive complex between the kinase and
the C-terminal domains. The figures were made by using MOLSCRIPT (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).

domains are important for regulation (Huse and Kuriyan,
2002; Stamos et al., 2002); for example, mutations in
Leu955 or Tyr740 severely impaired the kinase activity
of the EGFR (Stamos et al., 2002; Walker et al., 1998).
Based on these results, we concluded that this net-

Regulation of the Catalytic Activity of the EGFR
2271

Table 1. Correlated Pairs in the TK Family
Pairs of Correlated Positions

Correlation Coefficients

Ala726-Lys730
Ala726-Ser888
Ala726-Lys946
Lys730-Ser888
Tyr740-Tyr954
Tyr740-Leu955
Ala743-Asn792
Ala743-Gly849
Ala743-Ser888
Ala743-Lys889
Ala743-Val987
Asn792-Gly849
Asn792-Ser888
Gly849-Tyr954
Ser888-Lys946
Lys946-Asp950
Asp950-Tyr954
Asp950-Leu955
Tyr954-Leu955
Tyr954-Asp985
Tyr954-Val987
Asp985-Val987

0.65
0.60
0.45
0.59
0.45
0.48
0.50
0.47
0.45
0.51
0.54
0.48
0.50
0.56
0.61
0.52
0.48
0.50
0.54
0.50
0.52
0.52

(0.49,
(0.34,
(0.20,
(0.37,
(0.19,
(0.21,
(0.19,
(0.18,
(0.21,
(0.14,
(0.34,
(0.26,
(0.25,
(0.29,
(0.40,
(0.31,
(0.31,
(0.26,
(0.32,
(0.30,
(0.36,
(0.36,

0.78)
0.77)
0.64)
0.76)
0.67)
0.69)
0.76)
0.72)
0.69)
0.73)
0.72)
0.70)
0.72)
0.76)
0.78)
0.69)
0.65)
0.67)
0.72)
0.67)
0.67)
0.67)

A list of 22 pairwise correlations between positions comprising the
most significant cluster of correlated residues. The trimmed means
in the 95% confidence interval of correlations (r ), which were calculated from 400 bootstrapping samples, are indicated, and the 95%
confidence interval is shown in parentheses (see the Supplemental
Data). The numbering of the positions is done according to the
EGFR sequence. The pairs of positions that are located on known
regulatory regions are highlighted in bold and are connected by
solid pink lines in Figure 7A.

work of correlations identified amino acids playing a
role in regulation. Interestingly, the same cluster also
displays correlations between residues mediating contact between the kinase and C-terminal domains. Tyr954
is located on the kinase domain and contacts the
C-terminal fragment. This residue is in close proximity
to, and is highly correlated with, residues Asp985 and
Val987 of the C-terminal fragment (Figure 7A). Taken
together, these correlations consolidate our hypothesis
that the contact between the kinase and C-terminal domains is biologically meaningful.
The same cluster of 14 highly intercorrelated positions
also includes correlations between positions at the interface of the kinase domain and the C-terminal fragment
and known regulatory elements. For instance, Tyr954
located on this interface is correlated with Gly849 of the
activation loop, with Leu955 of the LVI segment, and
with Tyr740 of the ␣C helix (Figure 7A). This network of
correlations suggests that this interface is also involved
in regulation.
Val987 of the C-terminal fragment is correlated with
Ala743, which is located on the ␣C helix (Figure 7A). In
this context, it is important to note that the C-terminal
domain is a vital modulator of TKs’ activity (Jorissen et
al., 2003; Schlessinger, 2000), as was elaborated above.
For example, structure determination and mutagenesis
experiments have shown that the kinase domains of the
insulin, the Tie2, and the platelet-derived growth factor
␤ receptor (PDGFR) TKs are autoinhibited by their
C-terminal domains through direct contacts with the
kinase domain (Chiara et al., 2004; Noelle et al., 2000;

Shewchuk et al., 2000). Accordingly, evolutionary correlation between the kinase and C-terminal domains is
expected to be general. The mechanism by which direct
contacts control activation may vary between the kinases and could not be inferred from the evolutionarycorrelation analysis. We anticipate that in the ErbBs,
the direct contact between the kinase and C-terminal
domains regulates catalysis by the formation of the inactive dimer shown in Figure 2A.
Specificity Determinants in Regulatory Regions
Although TKs share an identical catalytic mechanism,
each kinase family is regulated by various means, responds to different ligands, and activates diverse substrates. It is anticipated that certain positions would
be responsible for these different traits, and would be
reflected in their patterns of substitution (Fleishman et
al., 2004a). Due to such differences in functions, these
positions are not expected to be strictly conserved in
evolution. Rather, they should be conserved among kinases of similar functions in different species (orthologs),
and would differ in paralogs. Substitutions involving
these residues are presumably responsible for certain
alterations in the functions of the various families of the
TK superfamily.
We have identified some of these specificity-determining amino acid positions in a set of 121 multiply aligned
TKs. The main specificity-determining residues are presented in Figure 7B, and their locations are indicated
in Table 2. The list includes residues from the known
regulatory regions, as well as residues that connect the
kinase and the C-terminal domains and participate in
the polar network across the interface (Figure 5B).
Discussion
ErbBs are structurally unique among TKs, as all of the
catalytic elements in their kinase domains are ready for
phosphotransfer at all times (Stamos et al., 2002). Yet,
various functional assays show them not to be constitutively active (Schlessinger, 2000). The absence of a central regulatory module raises a fundamental dilemma,
namely, what prevents the receptors from being spuriously activated? One possible mechanism is that changes
in the relative orientation of the subunits within a dimer
control activation, as suggested by the model of rotation-coupled activation (Jiang and Hunter, 1999). According to this view, contact formation between the extracellular domains leads to reorientation in the
transmembrane domain, which is propagated into the
cytoplasm (Fleishman et al., 2002; Jiang and Hunter,
1999; Moriki et al., 2001). Thus, the reorientation of the
kinase domains vis-à-vis each other serves as a molecular switch that turns the kinase domains “on.” What
might be the mechanism by which this reorientation is
translated into kinase activation is not yet clear.
Understanding the molecular details of how the ErbB
proteins are regulated will most probably have to await
the emergence of a structure of the full-length receptor
in oligomeric complexes. The structures of parts of the
kinase and the extracellular domains available today
only provide a fragmentary view of the regulatory ele-

Structure
2272

Table 2. Specificity Determinants in the TK Family
Position

Correlation Coefficients

Location and Putative Functional Role in the EGFR

Lys715

0.23 (0.11, 0.36)

Pro770
Val795
Ile942
Lys799

0.24
0.29
0.24
0.24

Glu734
Ala743
Arg808

0.27 (0.12, 0.42)
0.29 (0.14, 0.42)
0.23 (0.12, 0.35)

Arg865

0.26 (0.10, 0.41)

Gly849
Leu955
Val956
Ile957
His964
Leu965
Ser967
Pro968
Ser971
Tyr974
Asp984

0.28
0.29
0.29
0.25
0.29
0.24
0.23
0.26
0.27
0.30
0.31

Ala989

0.25 (0.13, 0.38)

Glu991

0.25 (0.11, 0.41)

Leu993

0.29 (0.17, 0.41)

Tyr992

0.24 (0.11, 0.38)

Located on the kinase at the large interface with the C-terminal fragment; participates in the
polar network across the interface (Figure 5).
Located on the kinase at the large interface with the C-terminal fragment.
Located on the kinase at the small interface with the C-terminal fragment.
Located on the kinase at the small interface with the C-terminal fragment.
Located on the kinase at the small interface with the C-terminal fragment; participates in the
polar network across the interface (Figure 5).
Located on the ␣C helix of the kinase domain; involved in regulation.
Located on the ␣C helix of the kinase domain; involved in regulation.
Located on the kinase domain, close to the activation loop. Involved in hydrogen bonds that
stabilize the activation loop (Stamos et al., 2002).
Located on the kinase domain, close to the activation loop. Involved in hydrogen bonds that
stabilize the activation loop (Stamos et al., 2002).
Located on the activation loop of the kinase domain; involved in regulation.
A part of the “LVI motif”. Important for dimerization of the kinases.
A part of the “LVI motif”. Important for dimerization of the kinases.
A part of the “LVI motif”. Important for dimerization of the kinases.
A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
A putative negative regulator of EGFR’s activity; located on the C-terminal domain.
A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;
participates in the polar network across the interface (Figure 5).
A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;
participates in the polar network across the interface (Figure 5).
A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;
participates in the polar network across the interface (Figure 5).
A putative negative regulator of EGFR’s activity; located on the C-terminal fragment;
participates in the polar network across the interface (Figure 5).
An autophosphorylation site, located on the C-terminal fragment; participates in the polar
network across the interface (Figure 5).

(0.07,
(0.17,
(0.13,
(0.10,

(0.18,
(0.13,
(0.17,
(0.08,
(0.15,
(0.10,
(0.10,
(0.13,
(0.13,
(0.16,
(0.19,

0.39
0.40)
0.36)
0.36)

0.37)
0.42)
0.42)
0.39)
0.43)
0.39)
0.35)
0.40)
0.38)
0.43)
0.44)

A list of 24 out of 47 residues that were identified as specificity determinants (Fleishman et al., 2004a). The location of each residue in the
EGFR sequence and its functional role are indicated. The trimmed means in the 95% confidence interval of correlations (r ), which were
calculated from 400 bootstrapping samples, are indicated, and the 95% confidence interval is shown in parentheses (see the Supplemental
Data). In addition to the residues presented above, the list of specificity determinant includes the following residues: V750, Q763, L775, E780,
D783, N792, V821, Q825, T830, S888, K889, I899, S901, I902, P910, K925, S933, D950, Q952, Q958, G959, D960, and E961. Their putative
roles remain to be tested experimentally.

ments in the structure. In Figure 1, we suggest a model
for such regulation in the ErbB family; this model is
based on the available structures and is supported by
a large body of biochemical and physiological data.
The role of the C-terminal domain as a modulator of
kinase activity has been discussed extensively (Cadena
et al., 1994; Jorissen et al., 2003), especially in the v-ErbB
products (Boerner et al., 2003). Our results offer a model
of the molecular mechanism for this modulation (Figure
1). In the inactive state (Figure 1, left), the EGFR extracellular domains assume a tethered structure (Ferguson et
al., 2003) that hinders contact formation between the
two subunits (Burgess et al., 2003). In this conformation,
the extracellular domains are connected to the transmembrane helices in their inactive state (Fleishman et
al., 2002), thereby maintaining the intracellular domains
as a stable, inactive dimer (Figure 2A). In this state, the
C-terminal domain is in contact with the kinase domain
and is inaccessible to downstream substrates (Cadena
et al., 1994). Ligand-induced activation of the EGFR (Figure 1, right) leads to conformational changes in the extracellular domains, allowing contact formation between
the two subunits (Ogiso et al., 2002), followed by a rotation of the transmembrane helices toward their active
state (Fleishman et al., 2002; Jiang and Hunter, 1999;

Moriki et al., 2001). This switch in the orientation of the
transmembrane helices leads to the destabilization of
the inactive intracellular dimer. The C-terminal domain
detaches from the kinase domain and may undergo
phosphorylation, making the kinase accessible to its
substrates (Moriki et al., 2001).
The structure of the GW572016 bound EGFR comprises the kinase domain and part of the C-terminal
domain that is packed along the kinase domain. In this
structure, the C-terminal domain partly blocks the ATP
binding site (Wood et al., 2004), as in the inactive forms
of the myosin light chain kinase of the Ser/Thr kinase
family (Huse and Kuriyan, 2002) and the Tie2 RTK (Shewchuk et al., 2000). That the GW572016 bound EGFR
structure shows an inactive conformation that is not
primed for catalysis suggests that activation of the EGFR
involves conformational changes within the kinase domain, in contrast to the view that the kinase domain is
constitutively ready for phosphotransfer (Stamos et al.,
2002). We note, however, that the new structure suggests an important role for the C-terminal domain in
stabilizing an inactive conformation of the kinase domain (Wood et al., 2004); this finding is in harmony with
the model of activation suggested here.
The proposed molecular model may explain the un-
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derlying molecular causes of malignancy mediated by
EGFRs that contain mutations in their C-terminal domain. According to the model, the transforming properties of these mutations (Boerner et al., 2003; Chang et
al., 1995; Frederick et al., 2000) are due to destabilization
of the inactive EGFR.
All TKs catalyze the same reaction, which is the transfer of the ␥-phosphate of ATP to the hydroxyl group of
tyrosine. Indeed, the active conformation of the kinase
domain of most TKs is nearly identical. In contrast to
the uniform active conformation, TKs differ from each
other in their inactive conformations (Huse and Kuriyan,
2002). In some RTKs, as in the PDGFR family, the juxtamembrane domain serves to block the active conformation. Autophosphorylation of tyrosine residues in highly
conserved juxtamembrane motifs, specific to each family, relieves autoinhibition (Griffith et al., 2004). In the
case of the EGFR family, inhibition by the juxtamembrane domain is less likely, since there are no tyrosine
residues in the juxtamembrane segment that can be
phosphorylated.
Various regulatory mechanisms could play an important role in ensuring the signaling specificity in the TK
superfamily. Accordingly, we suggest that certain amino
acid substitutions in regulatory elements were sustained
during evolution, leading to alterations in the regulatory
mechanisms. This hypothesis is supported by the analysis of specificity determinants (Figure 7B). In the vast
majority of the TKs, kinase activity is regulated through
a change in the conformation of the activation loop and
␣C helix. Nevertheless, these regulatory regions undergo different conformational changes in different isoforms, and their inactive conformations are stabilized
by fastidious means specific to each kinase family (Huse
and Kuriyan, 2002). The ErbBs are further exceptional
among TKs, in that the activation loop and ␣C helix are
constitutively stable in the active conformation (Stamos
et al., 2002). Our analysis of correlated mutations (Figure
7A) suggests that in order to complement the role of
these known regulatory elements in maintaining an active conformation, other residues in ErbBs have evolved
to keep the enzyme dormant, as in the “inactive” complex shown in Figure 2A.
We propose that members of the EGFR family utilize
the unique regulatory mechanism that is presented in
Figure 1. These receptors contain a long C-terminal domain that is involved in signal transmission inside the
cell and is also an inherent regulator of kinase activity
(Chang et al., 1995). Our results suggest that the complex between the kinase and C-terminal domains of Figure 2A is stable and biologically significant, as indicated
by the large intersubunit interface, the electrostatic and
geometric complementarity between the C-terminal
segments and the kinases (Figures 2B–2D and 5), as
well as the evolutionary correlation between specified
amino acid sites (Figure 7A). This complex appears to
correspond to the basal, inactive form of the receptor,
as delineated above and in accordance with previous
experimental data (Boerner et al., 2003; Chang et al.,
1995). Although our computational analysis and the experimental data support the presence of an inactive
dimer (Yu et al., 2002) and the necessity of contact
between the kinase and C-terminal domains (Chang et
al., 1995), the biological relevance of the crystal dimer

has yet to be determined. The importance of the interface between the kinase domain and the C-terminal
fragment for the regulation of EGFR activity can be
tested experimentally, as delineated in the section entitled “A Network of Ion Pairs and Hydrogen Bonds at the
Interface.”
Our model of EGFR’s regulation (Figure 1) and its
relevance to cancer could be further tested by examining the properties of a short peptide analog to the
C-terminal fragment. Such a peptide may have a regulatory effect on EGFR activation. For instance, in tumorigenic cells, the short peptide may associate with the
kinase domain instead of the truncated C-terminal domain. This would stabilize the inactive configuration and
thereby thwart the constitutive activation of the mutant
receptor. Interestingly, a similar approach was applied
successfully in a recent study on the PDGFR, which is
also selfinhibited by direct contact with its C-terminal
domain (Chiara et al., 2004). In this work, the authors
showed that a soluble peptide, corresponding to the
inhibitory fragment in the PDGFR C-terminal domain,
delayed the activation of the receptor and inhibited the
enhanced kinase activity of a C-terminal truncated
PDGFR. Hence, the small peptide mimicked the role
of the C-terminal fragment in regulating kinase activity
(Chiara et al., 2004). It will be interesting to examine the
therapeutic properties of such a peptide in the case of
the EGFR.
Experimental Procedures
Biophysical and Structural Analysis
Electrostatic, solvent-accessible surface area calculations and homology modeling were carried out as described in the Supplemental
Data.
Collection of Sequence Homologs and Their Alignment
A multiple-sequence alignment (MSA) of homologous kinase domains was produced by combining multiple-structure and sequence
alignments to obtain high-quality alignments as described by AlLazikani et al. (2001) and in the Supplemental Data. This resulted
in an MSA of 121 homologous sequences comprising the kinase
domain and about 50 positions C-terminal to it (corresponding to
positions 683–998 of the EGFR). The MSA is shown in Supplemental
Figure S1 in the Supplemental Data.
Evolutionary Conservation
Evolutionary conservation scores were calculated by using the MSA
and Rate4Site’s maximum-likelihood algorithm (Pupko et al., 2002),
as implemented in the ConSurf web server (Glaser et al., 2003)
(http://consurf.tau.ac.il/).
Correlated Amino Acid Substitutions
Pairs of amino acids that appear to change concomitantly during
evolution within the TKs were detected by using the MSA and the
CorrMut algorithm (Fleishman et al., 2004b). The methodological
details are provided as Supplemental Data.
Specificity Determinants
Residues in the TK superfamily, which may be responsible for determining specific characteristics in different kinase families, were
detected by using the MSA and the SpecDet algorithm (Fleishman
et al., 2004a). A description of the algorithm is provided as Supplemental Data.
Supplemental Data
Supplemental Data including analysis of the electrostatic potential
of representative TKs of known structure; solvent-accessible surface area calculations and homology modeling of selected TKs;
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the MSA of the TK family; methodological details of the correlated
mutations analysis; and a description of the algorithm used for detecting the specificity-determining residues are available at http://
www.structure.org/cgi/content/full/12/12/2265/DC1/.
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APPENDIX III
Experimental Procedures (for Chapter 2) carried out by Katia Herz,
Under the Supervision of Etana Padan (The Hebrew University).
Bacterial Strains and Culture Conditions
EP432 is an Escherichia coli K-12 derivative, which is melBLid, ΔnhaA1::kan,
ΔnhaB1::cat, ΔlacZY, thr1 [1]. Cells were grown either in L broth (LB) or in
modified L broth (LBK [2]).
Plasmids
Plasmid pAXH (previously called pYG10), a pET20b (Novagen) derivative, encodes
His-tagged NhaA [3]. pCL-AXH, a derivative of pAXH, encodes a His-tagged CLNhaA [3]. pCL-AXH2, a derivative of pCL-AXH, lacks a BglII site at position 3382
[4]. pCL-AXH3, a derivative of pCL-AXH2, contains a BstXI silent site at position
248 in nhaA.
Site-Directed Mutagenesis
Site-directed mutagenesis was conducted according to a PCR-based protocol [5] or
DpnI-mediated site-directed mutagenesis [6]. For Cys-replacement of W62C, F71C,
F72C and G76C and N64C, we used pCL-AXH3 as a template. Mutations H225R and
H225C have been previously described [7].
Isolation of Membrane Vesicles and Assay of Na+/H+ Antiporter Activity
EP432 cells transformed with the relevant plasmids were grown, and everted vesicles
were prepared and used to determine the Na+/H+ or Li+/H+ antiporter activity as
described [8, 9]. Assay of antiporter activity was based on measurement of the Na+- or
Li+-induced changes in ΔpH, as measured by acridine orange, a fluorescent probe of
ΔpH. The fluorescence assay was performed with 2.5 ml of reaction mixture
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containing 50−100 μg of membrane protein, 0.5 μM acridine orange, 150 mM KCl,
50 mM BTP, and 5 mM MgCl2, and the pH was titrated with HCl. After energization
with D-lactate (2 mM), quenching of the fluorescence was allowed to achieve a steady
state, and then Na+ or Li+ was added.

Reversal of the fluorescence level

(dequenching) indicates that protons are exiting the vesicles in antiport with Na+ or
Li+. As previously shown, the end level of dequenching provides a good estimate of
the antiporter activity [10] and the ion concentration that yields half-maximal
dequenching gives a good estimate of the apparent KM of the antiporter [10, 11]. The
apparent KM for Li+ of EcNhaA is 10-fold lower than that for Na+ (0.02 mM and 0.2
mM at pH 8.5, respectively). The Na+/H+ or Li+/H+ antiporter activity was measured
with 5 times the concentration of the apparent KM.
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