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Abstract
Human epidermal growth factor receptor 2 (HER2)/ErbB2 is a receptor tyrosine
kinase belonging to the EGFR/ErbB family and is overexpressed in 20-30% of human
breast cancers. Since there is a growing effort to develop pharmacological inhibitors of
the HER2 kinase for the treatment of breast cancer, it is clinically valuable to rationalize
how specific mutations impact the molecular mechanism of receptor activation. Although
several crystal structures of the ErbB kinases have been solved, the precise mechanism of
HER2 activation remains unknown, and it has been suggested that HER2 is unique in its
requirement for phosphorylation of Y877, a key tyrosine residue located in the activation
loop (A-loop). In our studies, discussed here, we have investigated the mechanisms that
are important in HER2 kinase domain regulation and compared them with the other ErbB
family members, namely EGFR and ErbB4, to determine the molecular basis for HER2's
unique mode of activation. We apply computational simulation techniques at the atomic
and electronic structure (quantum mechanical) levels to elucidate details of the
mechanisms governing the kinase domains of these ErbB members. Through analysis of
our simulation results, we have discovered potential regulatory mechanisms common to
EGFR, HER2, and ErbB4, including a tight coupling between the A-loop and catalytic
loop that may contribute to alignment of residues required for catalysis in the active
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kinase. We further postulate an autoinhibitory mechanism whereby the inactive kinase is
stabilized through sequestration of catalytic residues. In HER2, we also predict a role for
phosphorylated Y877 in bridging a network of hydrogen bonds that fasten the A-loop in
its active conformation, suggesting that HER2 may be unique among the ErbB members
in requiring A-loop tyrosine phosphorylation for its functionality. In EGFR, HER2, and
ErbB4, we discuss the possible effects of activating mutations. Delineation of the
activation mechanism of HER2 in the context of the other ErbB members is crucial for
understanding how the activated kinase might interact with downstream molecules and
couple to signaling cascades that promote cancer. Our comparative analysis furthers
insight into the mechanics of activation of the HER2 kinase and enables us to predict the
effect of an identified insertion mutation on HER2 activation. Further understanding of
the mechanism of HER2 kinase activation at the atomic scale and how it couples to
downstream signaling at the cellular scale will elucidate predictive molecular phenotypes
that may indicate likelihood of response to specific therapies for HER2-mediated cancers.

1. Introduction
HER2 (ErbB2/Neu) is a member of the ErbB family of transmembrane receptor tyrosine
kinases, which also includes the epidermal growth factor receptor (EGFR/ErbB1), ErbB3
(HER3), and ErbB4 (HER4). ErbB receptors are composed of an extracellular ligand-binding
domain, a transmembrane segment, an intracellular protein tyrosine kinase domain, and a Cterminal tail harboring tyrosine phosphorylation sites [1]. In the ErbB system, ligand binding
to the extracellular domain promotes homo- or heterodimerization of the receptors and
activation of their cytoplasmic domains [2, 3]. Dimerization of the kinase domains induces
phosphorylation of tyrosine residues in the C-terminal tail segments, which serve as docking
sites for signaling molecules containing SH2 or PTB domains [4]. The major signaling
networks activated by the ErbB family include the Ras-Raf-MEK-MAPK and PI3K-Akt
pathways, both of which result in transcription of genes involved in cellular proliferation,
differentiation, and migration [5]. Aberrant activation of the ErbB network is correlated with
oncogenesis and development of lung, gastric, and breast cancers [6-12]. In particular,
mutation or overexpression of HER2 results in uncontrolled, ligand-independent activation of
kinase signaling and is correlated with 20–30% of human breast cancers [13, 14].
Binding of ligand to the extracellular domain of the HER2 receptor induces conformational changes within the cytoplasmic domain. In order to catalyze transfer of the γphosphate of ATP to tyrosine residues on substrate peptides, several important sub-regions
within the kinase domain must be appropriately organized [15]. The catalytic loop (C-loop)
comprises residues 844–850 in HER2, and is crucial in promoting the phosphoryl transfer
reaction. The αC helix (residues 761–775) and the nucleotide-binding loop, or N-loop
(residues 727–732), help to coordinate the ATP molecule and substrate tyrosine residue. The
activation loop (A-loop) includes residues 863–884 and regulates kinase activity by
controlling access of the catalytic site to peptide binding. The A-loop undergoes a pronounced
conformational change upon activation, extending from its inactive, furled state to uncover
the catalytic machinery and promote binding of the substrate peptide to the C-loop [16].
In the majority of known protein kinases (insulin receptor kinase or IRK, for example),
the A-loop assumes its catalytically competent conformation only if it is first phosphorylated
on a regulatory tyrosine residue [17]. The regulatory tyrosine residue is Y877 in HER2 (Y845
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in EGFR). Phosphorylation of EGFR on Y845 has been demonstrated experimentally;
however, phosphorylation does not seem to be a criterion for catalytic activity, as EGFR
containing a Y845F mutation retains its activity [18]. In HER2, by contrast, several reports
have illustrated the significance of Y877 phosphorylation for kinase activity [19, 20]. Xu
et al. [21] demonstrated that mutation of Y877 to phenylalanine in COS-7 cells results in
decreased autophosphorylation of Y1248, a tyrosine located in the C-terminal tail of HER2. It
remains an open question whether or not phosphorylation of Y877 is required for full HER2
kinase activity.
Although the crystal structure of the HER2 kinase domain has not yet been resolved,
several crystal structures of the extracellular and kinase domains of the other ErbB family
members (EGFR, ErbB3, ErbB4) have provided insights into potential mechanisms of
regulation and activation [16, 22-30]. Recent structural studies demonstrate that EGFR and
ErbB4 are activated through an asymmetric dimerization mechanism analogous to that of a
cyclin bound to an activated cyclin-dependent kinase (CDK) [31, 32]. The C-lobe of the
activating kinase interacts with the N-lobe of the kinase undergoing activation, promoting full
activation through allosteric contacts. Hydrophobic interactions between the C-lobe of the
activator kinase and the αC helix of the kinase undergoing activation constitute the majority
of the dimer interface. A sequence alignment of the ErbB kinase domains reveals that the
specific amino acids participating in the dimer interface are conserved across the ErbB family
members, suggesting that HER2 may be activated through a similar asymmetric dimerization
mechanism.
Uncontrolled, ligand-independent activation of the HER2 receptor results in aberrant
induction of cellular proliferation pathways and ultimately in tumorigenesis [14]. This
constitutive activity is typically a result of HER2 overexpression that stems from a gene
duplication event. Thus therapeutic approaches to treat HER2-mediated cancers have focused
on inhibition of extracellular dimerization, and hence activation, using monoclonal
antibodies. Trastuzumab (Herceptin), a humanized monoclonal antibody, binds to domain IV
of the HER2 extracellular domain, and mediates its therapeutic effects through a variety of
mechanisms, including antibody-dependent cellular cytotoxicity (ADCC) and disruption of
receptor dimerization [33-35]. Pertuzumab (Omnitarg) [36, 37] binds to domain II of the
HER2 extracellular domain and mediates its antiproliferative effects partially through
inhibition of HER2 heterodimerization. Pertuzumab and trastuzumab have complementary
modes of action and have demonstrated enhanced antitumor activity when employed as a
combined therapy [38]. However, development of drug resistance in certain patients treated
with trastuzumab [39] is an emerging challenge and is thought to be mediated by a variety of
mechanisms, including signaling through alternative pathways and failure to activate the
cellular ADCC response. Thus alternative pharmacological approaches are necessary.
In particular, the intracellular kinase domain presents an alternative candidate for HER2mediated cancer therapeutics. Indeed, the development of small-molecule tyrosine kinase
inhibitors (TKI), which target the catalytic site of the kinase domain, has been an area of
intense focus in cancer therapeutics. TKIs act as ATP analogues to block ATP-binding in the
kinase active site, thereby inhibiting phosphorylation of target substrates. Lapatinib (Tykerb)
[40-42], a TKI that binds to both EGFR and HER2, has been approved for the treatment of
HER2-overexpressing breast cancers. Analogous TKIs that are specific for EGFR include
erlotinib [43, 44] and gefitinib [45, 46], both of which have been approved for the treatment
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of non-small cell lung cancer (NSCLC). A specific class of mutations in EGFR, including
point mutations in the A-loop, have been reported to correlate with the favorable clinical
response of patients to gefitinib and erlotinib [47, 48]. The identification of these mutations
and their correlation with the drug response has motivated further investigation into the
effects and specificity of TKIs as first-line cancer drugs.
In light of the potential for development of next-generation tyrosine kinase inhibitors
targeting HER2, our work is focused on elucidating mechanisms of HER2 kinase domain
regulation and activation through molecular modeling and simulation. In Section 2 we
describe some of the commonly employed modeling and simulation techniques that are
applied in our HER2 studies. Section 3 details some of our recent results in regard to HER2
kinase domain structure and function [29, 49-51]. Specifically, we investigate the dimermediated allosteric activation mechanism of the HER2 kinase through dynamics simulations
of a HER2/EGFR heterodimeric system and quantify the effect of phosphorylation of the Aloop tyrosine residue, Y877, on HER2 activity. We also compare the regulatory mechanisms
identified in HER2 with those in the other ErbB family members through simulation of both
the EGFR and ErbB4 kinases, to determine the molecular basis for HER2‟s unique mode of
autoinhibition and activation. Further understanding of the mechanism of HER2 kinase
activation at the atomic scale will elucidate predictive molecular phenotypes that may indicate
likelihood of response to specific therapies for HER2-mediated cancers.

2. Computational Methods
The utility and continuously improving methodology of multiscale simulation techniques
has helped bridge the gap between theory and experiment. Electronic structure (quantum level
or ab initio) simulations can demonstrate how biomolecules of interest assume stable
geometrical configurations and charge distributions when subject to certain molecular
environments. By examining the charge distributions and structure it is possible to quantify
and predict structural properties as well as functional activity, such as mechanisms of enzyme
catalysis. However, quantum simulations are limited to approximately a few hundred atoms at
most. Therefore, one must turn to a simulation method suitable for a larger spatial and
temporal scale: molecular dynamics (MD) simulations, which are based on classical
(empirical) force-fields, can model hundreds of thousands of atoms for nanoseconds and in
some cases, up to a microsecond in time. Since MD simulations can resolve proteins and
biomolecules at the atomic level, they are able to provide detailed information regarding
molecular mechanisms of protein activation, conformational changes in biomolecules, and the
free energy of ligand- or inhibitor-binding. In the following sections, we describe some of the
most commonly employed molecular modeling and simulation techniques that are applied to
the study of biomolecular systems.

2.1. Molecular Dynamics
Molecular dynamics (MD) simulation methods are commonly used to model systems of
biomolecules [52, 53] because they can monitor individual atoms and therefore provide a high
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degree of resolution to understand molecular properties and mechanisms of interest. To
perform MD simulations, the initial coordinates and velocities of the atoms comprising the
molecular system must first be specified. The system typically includes the desired
biomolecule in addition to water molecules or other solvent, ions and membranes. The atomic
coordinates of the biomolecule of interest can usually be found as X-ray or NMR data
included in the protein data bank (PDB) [54] (www.pdb.org). If the coordinates have not been
deposited in the PDB, the biomolecule geometry may be constructed using homology
modeling techniques (see section 2.2). The potential of interactions of each of the atoms are
calculated using a force field, which parameterizes the non-bonded and bonded interaction
terms of each atom depending on its constituent atom connectivity and includes terms for
bond, angle, dihedral, improper dihedral, non-bonded Lennard-Jones, and electrostatic
energies. The potential interactions are summed across all of the atoms contained in the
system, to produce an overall potential energy function for the system [55-57]:
𝑈 𝑅 =

𝑏𝑜𝑛𝑑𝑠

𝐾𝑏 𝑏 − 𝑏0

2

+

𝑎𝑛𝑔𝑙𝑒𝑠

𝐾𝜃 𝜃 − 𝜃0

2

+

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

𝐾𝜒 (1 + cos(𝜂𝜒 − 𝛿)) +

𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟𝑠𝐾𝜙𝜙−𝜙02+𝑛𝑜𝑛𝑏𝑜𝑛𝑑𝑒𝑑𝜀𝑖𝑗𝑅𝑚𝑖𝑛𝑖𝑗𝑟𝑖𝑗12−𝑅𝑚𝑖𝑛𝑖𝑗𝑟𝑖𝑗6+ 𝑞𝑖𝑞𝑗𝜖𝑟𝑖𝑗

The total force acting on the system is derived by computing the derivative of the
potential energy function. Computation of the derivative results in a set of 3N-coupled
second-order ordinary differential equations that must be solved numerically. Numerical
integration of the equations of motion results in the advancement of the positions and
velocities of each atom by one time step. To generate a complete MD trajectory, this
procedure is repeated iteratively. Several commonly-used force fields include CHARMM27
[58] (www.charmm.org), AMBER [59] (www.ambermd.org), and GROMOS [60] (www.
gromacs.org), as well as dynamic simulation packages and visualization tools such as NAMD
[61] (www.ks.uiuc.edu/Research/namd/) and VMD [62] (www.ks.uiuc.edu/Research/ vmd/).
To analyze the results of a molecular dynamics simulation, hydrophilic interactions are
typically assessed through a hydrogen bond analysis of the system. In this type of analysis,
the hydrogen bonds that persist throughout a given trajectory can be identified in order to
differentiate between true stabilizing bonds and transient interactions [50]. In addition,
hydrophobic interactions can be quantified using the solvent accessible surface area (SASA)
calculation. The SASA calculation maps the surface area created using a probe sphere of 1.4
Å and provides a quantitative metric of hydrophobic stabilization effects.
A complementary approach to analyze protein dynamics trajectories is principal
component analysis (PCA) [63, 64], which projects out independent motions in an MD
trajectory and sorts them in the order of their dominance. This is accomplished through
diagonalization of the variance-covariance matrix of atomic fluctuations along the MD
trajectory. The eigenvalue equation: [ - I] = 0 is then solved to project out independent
modes of atomic fluctuations captured in an MD trajectory and sort them by their variance.
Here  is a two dimensional variance-covariance matrix of atomic fluctuations about the
trajectory average, with elements σij=(xi−xi)(xj−xj) (i,j =1,…,3N, N being the total number
of atoms with position given by Cartesian coordinates x). =(1,2,…,3N) are the 3N
independent (uncorrelated) eigenvectors (PC) with eigenvalues =(I, 2,…,3N) sorted in
descending order i.e. 1>2…,3N-7>3N-6. The eigenvectors represent the principal
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components (PCs) and the eigenvalues reflect their relative magnitudes. Application of PCA
to identify pair wise correlations between motions of atoms in a region of interest such as the
active site of an enzyme can provide significant insights in terms of relating structure to
function through dynamics captured in the MD trajectory [64].
A challenge involved in performing MD simulations is the requirement to perform
sufficient sampling of the combinatorially large number of potential conformations of the
biomolecule of interest [65, 66]. In order to ensure adequate conformational sampling, the
simulation must be run for long periods of time, for micro- or even milliseconds. However,
the fastest atomic vibrations occurring in the simulation limit the time step to approximately 2
fs, which restricts the entire simulation length to the nanosecond range. For typical solvated
system sizes of 40,000-500,000 atoms, simulation times extending into the microsecond
range are challenging to achieve, and require improved algorithms as well as highperformance computing hardware infrastructure. An example of an algorithmic improvement
is the particle mesh Ewald (PME) algorithm [67], which allows for calculation of long-range
electrostatic interactions by replacing the summation of interaction energies in real space with
an equivalent summation in Fourier space. An example of improved hardware infrastructure
is the availability of supercomputing resources such as the US National Science Foundation‟s
TeraGrid Initiative (founded in 2001) for academic researchers. TeraGrid resources
(www.teragrid.org) currently possess more than a petaflop of computing capability and more
than 30 petabytes of online and archival data storage, with rapid access and retrieval over
high-performance networks.

2.2. Homology Modeling for Protein Structure Prediction
Commonly used experimental methods for resolving protein structure through X-ray
crystallography or NMR spectroscopy are challenging and time-intensive and thus can solve
only a small fraction of proteins that have been sequenced in the past couple of decades.
Currently, more than 6,800,000 protein sequences have been deposited in the protein
sequence database (NR; accessible through the National Center for Biotechnology
Information: ftp://ftp.ncbi.nlm.nih.gov/blast/db/), while the Protein Data Bank (PDB;
http://www.rcsb.org/pdb/) contains fewer than 50,000 protein structures [68]. Thus protein
structure prediction is an important technique for resolving the discrepancy between protein
sequence and structure. In particular, the homology modeling method, or prediction of an
unknown structure by using a related protein with a known structure as a template, has been
one of the most successfully implemented methods for protein structure prediction [69-73];
several computer programs and web servers that perform homology modeling include: SwissModel server (http://www.expasy.ch/swissmod/); CPH models (http://www.cbs.dtu.dk/
services/CPHmodels/); and MODELLER [70] (http://salilab.org/modeller/). Homology
modeling typically consists of the following steps: search for homologous protein structures,
selection of an appropriate template, target-template alignment, model construction, and
model quality assessment.
The identification of highly related protein structures to be used as potential templates for
homology modeling typically involves searching the PDB to compare the target sequence
with the sequence of every structure in the database. In order to select the best template for
comparative modeling, several factors must be considered. First, the higher the degree of
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sequence identity between the target and template, the better the quality of the template. In
addition, the molecular environment of the template and target (i.e., the type of solvent, pH,
presence of ligands) should be as similar as possible [70]. Upon selection of the template
structure, a target-template alignment must be performed, which is typically achieved using
standard sequence alignment methods [74-76]. If the degree of sequence identity between the
target and template is below 40%, user intervention is required to correct any gaps or
misaligned residues generated in the alignment. Several homology modeling programs,
including MODELLER, apply a combination of sequence and structure information in the
alignment algorithm to produce a more accurate alignment.
Upon completion of the target-template alignment, a 3D model of the target protein may
be constructed using various model-building algorithms [77, 78]. A list of spatial (geometric)
restraints is specified based on the template geometry as well as on average geometries
derived from a representative set of proteins contained in the model-building database [7981]. The MODELLER program, for instance, applies spatial restraints that are derived from
the bond distances and angles in the target structure, as well as stereochemical restraints on
bond distance and dihedral angle values that are obtained from the average of a set of known
protein structures. Energy minimization and equilibration of the homology-modeled structure
are then applied to optimize the model geometry.
Once the homology model has been constructed, its overall quality must be assessed.
Several model analysis methods exist, most of which assess the stereochemical properties of
the model, including bonds, bond angles, dihedral angles, and non-bonded atom-atom
distances. Programs such as PROCHECK (www.ebi.ac.uk/thornton-srv/software PRO
CHECK [82]) perform this type of analysis. The homology model can also be analyzed by
constructing an energy profile for each protein residue in the structure, where high-energy
peaks in the profile may represent poorly modeled regions. A caveat of this method is that a
segment of the homology structure may appear to be erroneous, when in fact it is only
interacting with a poorly modeled region. Therefore, the use of energy profiles should not be
the only means of model validation.
Although the homology modeling method has successfully been applied to many
different types of biomolecules, several challenges exist. For target molecules with low
percent sequence identity relative to the template structure (ie, <20% target-template
sequence identity), approximately half of the residues in the model may be misaligned [83].
This challenge can be overcome by incorporating more than one template into the targettemplate alignment. Another issue in homology modeling is optimization of residue sidechain conformation. Typically, rotamer libraries are used [84], which contain preferred sidechain torsional angles for specific conformations of residue side chains. As the number of
rotamers increases, the ability to sample all potential conformations becomes a combinatorial
problem. Xiang et al. [85] have recently shown that the use of a rotamer library based on
Cartesian coordinates of known structures, rather than optimal bond lengths and angles, can
successfully predict side-chain conformation. Despite these current issues, homology
modeling remains a widely-applicable method for accurate protein structure prediction. As
the accuracy of the technique continues to improve, homology modeling will further close the
gap between the number of known sequences and the number of available structures.
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2.3. Free Energy of Biomolecular Systems
The second law of thermodynamics states that natural systems seek a state of minimum
free energy at equilibrium. Therefore the calculation of the free energy of a system can be a
useful metric for comparing the results of simulation and experiment. A variety of
computational techniques have been developed for the calculation of the free energy of
biological systems, and here we will discuss two of the more commonly applied techniques:
the free energy perturbation (FEP) method [86] and umbrella sampling [87].
Free Energy Perturbation (FEP): In a biomolecular system, it is often useful to compute
the free energy difference, ΔF, between two defined thermodynamic states, for example, a
ligand-bound versus unbound molecule. The free energy difference between the two states is
represented as [88]:
1

1

𝛽

𝑘𝐵 𝑇

∆𝐹 = − 𝑙𝑛 exp
[−𝛽∆𝑣 𝑥 ] 0 ; 𝛽 =

,

where the subscript zero indicates configurational averaging over the ensemble of
configurations representative of the initial state of the system, kB is the Boltzmann constant, T
is the temperature, and v(x) is the potential energy function that depends on the Cartesian
coordinates of the system, [x]. ΔF can also be computed by the reverse integration:
1

∆𝐹 = − 𝑙𝑛 exp
[−𝛽∆𝑣 𝑥 ] 1 ,
𝛽

where the subscript one indicates averaging over the ensemble of configurations
representative of the final state of the system. The most straightforward implementation of the
FEP method involves defining the potential energy function for each state and performing a
molecular dynamics simulation for the initial state of the system, hence calculating the
ensemble average in Equation 1. In order to estimate the statistical uncertainty in ΔF, both
forward and backward integrations may be performed. This uncertainty arises from
conformations sampled in the ensemble representative of the initial state but not the final state
and vice versa, and is typically small when the initial and final states of the system are very
similar (i.e., the free energy difference between the initial and final states is on the order of
2kBT, or 1.5 kcal/mol) [89]. For systems in which the free energy difference is significantly
larger, a series of intermediate states must be defined and must differ by no more than 2kBT.
The total ΔF can then be computed by summing the ΔFs between the intermediate states:
1

∆𝐹 = − 𝛽

𝑀+1
𝑖=1 𝑙𝑛

exp
[−𝛽 𝑣 𝑥; 𝜆𝑖+1 − 𝑣 𝑥; 𝜆𝑖 ]

𝜆𝑖 ,

where M indicates the number of intermediate states and λ is the coupling parameter, a
continuous parameter that marks the extent of the transition from the initial to the final state.
As λ is varied from 0 (initial state) to 1 (final state), the potential energy function v(x; λ)
passes from v0 to v1.
A limitation of the FEP method is that the end points of the transformation, at which sets
of atoms are created or destroyed, are subject to VDW clashes that result in end-point
catastrophes [90, 91]. Therefore, to compute the free energy at the diverging end points, the
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extent of sampling can be increased at the beginning and end of the FEP simulations to collect
data from multiple windows with λ values close to zero or one. Despite this limitation, the
FEP method has been widely applied in the calculation of the free energy of many
biomolecular systems [92-96].
Umbrella Sampling: The umbrella sampling procedure provides a method for calculation
of the potential of mean force (PMF) (free energy density) along a specified set of reaction
coordinates (order parameters), with the end goal of computing the free energy change along
the specified reaction coordinate(s) (see for example, [97]). For the free energy calculation,
the probability distribution P(χi) is calculated by dividing the range of order parameter χi into
several windows. The histograms for each window are collected by harvesting trajectories in
that window, from which the PMF Λ(χi) is calculated; the PMF Λi(χi) is given by [98, 99],
Λi( χi) = −kBT ln(P(χi)) + Constant; Then, exp(-F)= exp(-Λi( χi)) dχi
The functions Λi(χi) in different windows are pieced together by matching the constants
such that the Λi function is continuous at the boundaries of the windows. The standard
deviation in each window of the PMF calculations is estimated by dividing the set of
trajectories into two blocks and collecting individual histograms. To compute the PMF along
multiple reaction coordinates, the weighted histogram analysis method (WHAM) [100] can be
applied, which helps to recombine the various windows of sampling and ultimately to
compute F [99-103].

2.4. Electronic Structure Methods
Electronic structure methods [104-106] are typically applied to map chemical reaction
pathways and catalytic mechanisms occurring in enzymes and other types of biomolecular
systems. Although electronic structure methods are computationally intensive, recent
improvements in mixed quantum mechanics molecular mechanics (QM/MM) methods
combine electronic structure methods with less labor-intensive molecular mechanics [107118]. In this section we discuss the application of QM/MM methods to the study of catalytic
reaction pathways.
In the QM/MM simulations, the system is sub-divided into two sub-regions, the quantum
mechanical (QM) sub-region, where the reactive events take place, and the molecular
mechanical sub-region (which provides the complete environment around the reactive
chemistry) [108, 110]. The QM sub-region is focused on a small number of atoms of the total
system, as electronic structure methods are computationally intensive and therefore restricted
in terms of the number of atoms to be included. In an enzymatic system, the quantum region
might include Mg2+ ions, water molecules within 3 Å of the Mg2+ ions, and segments of the
substrate molecules and the catalytic protein residues (such as aspartic acids). The molecular
mechanical (MM) sub-region consists of the remaining protein and solvent molecules, which
are treated using the classical force-field (such as CHARMM27).
In QM/MM simulations, wave function optimizations are typically performed in the
quantum (or QM) sub-region of the system using an electronic structure method such as
density functional theory (DFT) [105]. In this step, the electrostatic coupling between the QM
and the MM sub-regions is accounted for: i.e., the charges in the MM sub-region are allowed
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to polarize the electronic wave functions in the QM sub-region. The forces in the quantum
sub-region are calculated using DFT on-the-fly assuming that the system moves on the BornOppenheimer surface [110, 119]: we assume a clear timescale of separation between the
electronic and nuclear degrees of freedom and the electronic degrees of freedom are in their
ground state around the instantaneous configurations of the nuclei. The forces on the classical
region are calculated using a classical force-field. A mixed Hamiltonian (energy function)
accounts for the interaction between the classical and the quantum sub-regions. Since the
QM/MM boundary often cuts across covalent bonds, one can use a link atom procedure [113]
to satisfy the valences of broken bonds in the QM sub-region. Also, bonded and electrostatic
terms between the atoms of the QM region and those of the classical region are typically
included [111].
QM/MM methods are typically implemented based on existing interfaces between the
electronic structure and the molecular dynamics programs; one implementation is between
GAMESS-UK (www.cfs.dl.ac.uk [120]) (an ab-initio electronic structure prediction package)
and CHARMM [58]. The system of interest then undergoes energy minimization and
equilibration runs using the numerical integration procedures generally applied to pure MM
systems. The significance of the QM/MM simulations is that the sequence of reaction events
occurring in the active site can be mapped in the context of the MM region (solvent,
remaining protein). The major challenge in the successful implementation of QM/MM
simulations lies in the choice of the QM sub-region and the system size. In addition, high
resolution structures are usually required for performing QM/MM simulations, as the
trajectories sample a limited conformational space. These challenges are currently being
addressed by enhanced methods for electronic structure and molecular mechanics simulations
[121, 122].

2.5. Limitations of Computational Modeling
A potential limitation of computational modeling is the treatment of poorly- or
unresolved regions in protein crystal structures. This issue can partially be overcome through
homology modeling methods that allow for loop-modeling of the unresolved regions. Several
challenges also exist in molecular dynamics simulations; these limitations include force-field
uncertainties, solvent approximations, limited sampling, and finite size effects. To warrant the
choice of one force field over another, several force-fields should be compared, such as
CHARMM and AMBER. In regard to solvent approximations, the major issue lies in the
determination of the protonation states of certain residues. This can be addressed by using
Debye-Huckel calculations for titratable side chain residues and by Poisson-Boltzmann
(MMPBSA) [123] evaluation of the relative free energies for residues participating in the
catalytic reaction. QM/MM calculations can also be applied to compare the relative stabilities
of the different protonation states. The QM/MM methods, however, also involve inherent
approximations, such as the choice of the QM/MM boundary. As the boundary between the
MM and QM regions cuts through covalent bonds, the single link atom procedure satisfies
valences of broken bonds. However, several applications [111] have shown that the double
link atom method produces more accurate results than the other popular approaches using the
single link atom method [113].
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The issue of limited conformational sampling explored in molecular dynamics
simulations can be partially overcome by enhanced-sampling algorithms as discussed in
section 2.3 (Umbrella Sampling). However, these enhanced-sampling methods must be
assessed in terms of the effects of multiple low-energy pathways and the choice of reaction
coordinates. The PCA method [124] (discussed in section 2.1) provides an alternative means
of extracting the most significant and dominant modes of protein dynamics from the MD
trajectory, despite the finite simulation time [125, 126]. While PCA is not useful in analyzing
the slow modes of the system beyond what is captured in the dynamics trajectory, it does
provide an approximate description of the slow modes faster than the time scale of the
trajectory (t). Despite the approximations and limitations inherent in molecular modeling and
simulation, the predictions and results produced from such simulations are invaluable for
providing mechanistic explanations for biological processes and informing in vitro and in vivo
experiments.

3. Applications of Computational Modeling
and Simulation to Investigate Regulatory
Mechanisms of Activation in the HER2 Kinase
In this section we describe the application of the computational methods discussed in
Section 2 to the study of the mechanisms that are important in HER2 kinase domain
regulation and activation. Our molecular dynamics simulations provide us with a framework
for studying the atomistic behavior of the HER2 kinase domain in both monomeric and
dimeric contexts, and for comparing HER2 with the other ErbB family members, EGFR and
ErbB4, to determine the molecular basis for HER2's unique mode of activation. As mentioned
in the Introduction, aberrant HER2 signaling is implicated in at least 30% of human breast
cancer cases, and so elucidation of the molecular regulatory mechanisms will help establish
structure-function relationships in the wild-type HER2 kinase, as well as predict mutations
with a propensity for constitutive activation. Such molecular variants in HER2 receptors are
known to profoundly affect specific therapies targeting HER2-mediated cancers.

3.1. Molecular Dynamics Simulations of the HER2 Kinase Identify
an Orchestrated Set of Interactions among the Catalytic Domains
to Promote Phosphoryl Transfer
In our recent studies [51], we performed molecular dynamics (MD) simulations of
inactive and active HER2 structures to elucidate details of the mechanism by which the HER2
kinase domain is regulated and activated. The models of the HER2 kinase domain were
constructed based on homology to EGFR, as the crystal structure of HER2 kinase has not yet
been resolved. Each solvated system was subjected to MD simulation for 10 ns and the
trajectories were analyzed for conformational shifting as well as for key bonding patterns.
The inactive and active systems were stable for the duration of the simulation, as we observed
by monitoring the root-mean square deviation (RMSD) of the backbone atoms of each
structure over time. The αC helix demonstrated larger fluctuations in the active systems but
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overall the RMSD remained steady and neither structure shifted toward an alternative
conformation during the simulations.
Upon completion of the MD simulations, a principal component analysis (PCA) was
performed to identify the most significant global motions of the HER2 kinase. We
hypothesized that the atomic fluctuations in the inactive and active forms of the HER2 kinase
would differ dramatically, as conformational rearrangement of the kinase domain is expected
to correlate with significant changes in the dynamical behavior of the protein. PCA of the
HER2 systems was focused on an active site region that includes the Cα atoms of all domains
critical for catalysis, including the A-, C-, and N-loops and the αC helix. We observed that
the first three eigenmodes account for the majority of the atomic fluctuations in each
trajectory, and the top 10 eigenmodes account for 75–85% of the total variation in each
system.
In the active HER2 system, the first principal motion demonstrated movement of the αC
helix into the active site, coupled with a tilting of the N-loop. Simultaneously, the A-loop
exhibited a slight bending and the C-loop and N-loop shifted toward each other. Motion in the
second eigenmode also corresponded to coupled fluctuations in all four sub-domains. The
first and second principal motions for the inactive structure, by contrast, were dominated by
A-loop motion with dampened fluctuations in the other sub-domains, suggesting that the
catalytic sub-domains are less coupled in the inactive system (Figure I). Our results support
the hypothesis that the interactions among the A-, C-, and N-loops and the αC helix in the
active systems is important for alignment of the catalytic sub-regions in preparation for
phosphoryl transfer. As the A-loop and C-loop contain the catalytic aspartate, D845, and the
coordinating aspartate, D863, respectively, the coupling of these two loops is crucial for
ensuring proper orientation of the aspartate residues for catalysis.
In order to place the regulatory mechanisms in HER2 in context by comparing them with
those in the other ErbB family members (EGFR and ErbB4), we constructed molecular
systems for and applied a similar PCA analysis to both EGFR and ErbB4 [49, 50]. By
analyzing HER2 in relation to EGFR and ErbB4, we can relate sequence similarities to
specific bond-interaction networks, both hydrophilic as well as hydrophobic, and dynamical
modes, in order to explain HER2‟s unique mode of kinase regulation and activation.
Therefore we constructed fully solvated systems for EGFR and ErbB4, in both inactive and
active conformations, and subjected the systems to MD simulation using the same methods
applied to our HER2 simulations. Principal component analysis (PCA) of the molecular
dynamics simulations revealed that motions occurring within the active sites of the inactive
and active EGFR and ErbB4 monomer systems differ significantly, particularly in the A-loop
and αC-helix. In similarity to the HER2 kinase domain, the inactive EGFR and ErbB4
monomers exhibited large-amplitude motion in both the αC-helix and the A-loop, with
smaller fluctuations in the N-loop and C-loop (Figure I). By contrast, the active ErbB
monomers demonstrated a uniform level of motion across all four sub-domains of the active
site with only low-amplitude fluctuations (2-3Å), and showed no significant local
deformations. This implies that the motions are more tightly coordinated across the catalytic
site in the active conformation compared to the inactive conformation, a result that is in
agreement with our PCA results for HER2.
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Figure I. Structures representing motion along the first principal mode for HER2, EGFR and ErbB4.
The structures are color-coded according to the RMSD, where red regions indicate larger fluctuations
and blue regions indicate smaller motions. The four catalytic sub-domains move in a concerted manner
in the active systems, and these interactions may be important in alignment of catalytic residues.

3.2. Hydrogen Bonding Analysis of the HER2 Simulation Systems Reveals
Distinctive Bonding Networks in the Inactive and Active Kinases
To determine the mechanistic basis for the coupling among the catalytic sub-domains in
the active HER2 system, individual hydrogen bonds were recorded for each system through a
hydrogen-bonding analysis of the MD trajectories (Table I). We observed six hydrogen bonds
in the C-loop of the active HER2 structure; interestingly, most of these bonds couple the Cloop and A-loop, including: R844-L866, N850-T862, V842-R868, L852-K860 and L846W888. In the inactive HER2 trajectory, we recorded only two hydrogen bonds that link the Cloop and the A-loop. The extensive network of hydrogen bonds and salt bridges that bridge
the A- and C-loops in the active HER2 system helps to explain the concerted PCA
fluctuations between these sub-domains. Specific bonds that are recorded in the hydrogenbonding tables, such as R844-L866 and Y877-R844, also appear as correlated residue pairs in
the PCA analysis.
The pattern of hydrogen bonds in the A-loop and αC helix of the inactive and active
HER2 systems revealed results similar to that of the A-loop and C-loop (Table I). The major
difference that we found between the inactive and active conformations was that there were
significantly more bonds coupling the A-loop and αC helix in the active system compared to
the inactive system. There are four hydrogen bonds and two salt bridges in the A-loop of the
inactive structure, compared with nine hydrogen bonds and two salt bridges in the active Aloop. Similarly, there are two salt bridges in the αC helix of the active structure, whereas no
salt bridges can be found in the inactive system. Most of the hydrogen bonds that we
observed in the A-loop and αC helix of the active system bridge the catalytic sub-domains of
the kinase. Two such bonds, E766-K883 and D769-R868, couple the A-loop and αC helix.
The A-loop and C-loop reveal additional coupling bonds: R844-L866, N850-T862, V842-
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R868, L852-K860, and L846-W888. The extensive network of hydrogen bonds that bridge
the catalytic sub-domains (A-loop, C-loop, and αC helix) of the active HER2 kinase provides
a mechanistic explanation for the concerted motions of these sub-domains that we observed in
the PCA of the active system. As mentioned earlier, this tight coupling among the subdomains may be significant in the pre-organization of the catalytic site for successful
orchestration of the phosphoryl transfer reaction.
Table I. Hydrogen bonds that persist throughout the MD trajectories for HER2, EGFR,
and ErbB4. The active systems contain a greater number of bonds that couple
the catalytic sub-domains of the kinase, in comparison to the inactive systems

In cataloging the interactions, we compared the HER2 bonding network to that of EGFR
and ErbB4 (Table I). Several bonds were conserved across all members of the ErbB family in
the active state (HER2 numbering is used in this discussion): two salt bridges: E766-K883
and E770-K753, three H-bonds: L866-R844, K868-V842, and L870-R840, as well as the
bond D845-R849 which is an H-bond in HER2, but a salt bridge in EGFR and ErbB4. These
bonds span the four key sub-domains, coordinate the sub-domain movements and ensure that
the catalytically important residues are spatially localized. In particular, the E770-K753 salt
bridge is highly conserved across all active RTKs and helps coordinate the α and β
phosphates of ATP bound in the active site. The E766-K883 salt bridge connects the A-loop
and the αC-helix, while the three conserved H-bonds link the A-loop and the C-loop, coupling
the motions of these two loops. These can be regarded as “fastening” H-bonds that maintain
the N-terminal side of the A-loop open in its active state – the alternative (in the inactive
state) being steric hindrance to the binding of ATP and peptide substrates. The conserved
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D845-R849 bond positions the sidechain of the catalytic aspartate D845 in the active site and
likely facilitates the preorganization of the catalytic site in the active kinase system.
In contrast with the case for the active configurations, few intramolecular bonds that
stabilize the inactive kinase conformation are conserved across the ErbB family. Instead, the
bonds present in the inactive systems sequester key residues seen in the activating bondnetwork. ErbB4 is similar to HER2 in that the homologous K753 residue sequesters the
coordinating aspartate D863, preventing the formation of the conserved E770-K753 salt
bridge. In EGFR and ErbB4 , the other half of the salt bridge is sequestered: the homologous
E770 residue is salt bridged to R868 (though in EGFR the arginine is replaced by a lysine).
The similarity in the pattern of specific interactions that preferentially bridge the catalytic
sub-domains in the active conformations of the EGFR, HER2, and ErbB4 kinases suggests
that the tight coupling of the A- and C-loops may be a general feature of the architecture of
ErbB receptor kinases that likely aids in the assembly of a catalytically competent active site.

3.3. Quantification of the Effects of A-Loop Phosphorylation in HER2
Reveals a Potential Role in Maintaining the Extended (Active) State
of the A-Loop
In most protein kinases, the A-loop assumes its catalytically competent conformation
only if it is first phosphorylated on a regulatory tyrosine residue within the A-loop [17]. The
regulatory tyrosine residue is Y877 in HER2 (Y845 in EGFR). Although phosphorylation of
EGFR on Y845 has been observed experimentally, phosphorylation does not seem to be
required for catalytic activity, as EGFR possessing a Y845F mutation is fully active [18]. By
contrast, the function of A-loop phosphorylation in HER2 is controversial, as multiple studies
have reported the importance of Y877 phosphorylation for kinase activity [19, 20]. Hence it is
possible that phosphorylation of Y877 potentiates HER2 kinase activity.
To investigate the effects of phosphorylation of Y877 on HER2 kinase activation, we
simulated a Y877-phosphorylated version of the HER2 kinase in both inactive and active
conformations. In the active Y877-phosphorylated HER2 system, we discovered a network of
hydrogen bonds that preserve the A-loop in its extended, active conformation. The hydrogen
bonds essentially fasten the A-loop to a segment of the αF helix (residues 896–901) and to the
region between the αE helix and the C-loop (residues 840–844) to maintain the A-loop in its
open state. Three hydrogen bonds (L866-R844, V842-R868, and R840-L870) fasten the Aloop at its N-terminal end and three bonds (Y877-F899, A879-R897, and E876-R898) fasten
the A-loop at its C-terminal end. Interestingly, several of the interactions, such as L866-R844
and Y877-R844, link residues in the A-loop and C-loop, highlighting the prominent bridging
of these regions in the active state. However, the coordinating aspartate residue, D863, and
the catalytic aspartate, D845, do not appear in the hydrogen-bonding network and therefore
remain available for catalysis. Our results support an activation model in which residues
neighboring D863 and D845 form hydrogen bonds that maintain the A-loop in the active
conformation while freeing the catalytic aspartate residues to remain poised for the
phosphoryl transfer reaction.
In the active HER2 system, we identified a role for phosphorylated Y877 in bridging the
network of hydrogen bonds that fasten the A-loop in its open conformation [51]. The
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phosphoryl group on Y877 interacts with R844, K883, and R868, thereby bridging the C- and
N-terminal ends of the A-loop. The main-chain oxygen of Y877 hydrogen-bonds with F899,
further contributing to the network of fastening bonds in the A-loop. By contrast, fewer
hydrogen bonds occur in the A-loop of the Y877-unphosphorylated active system, revealing
that the absence of the phosphoryl group limits the number of intra-A-loop bonds that can
form.
To quantify the effect of Y877-phosphorylation on HER2 activity, we computed the
Helmholtz free energy difference between the Y877-unphosphorylated and Y877-phosphorylated states in the NVT ensemble using the FEP method (see Section 2.3). Four different
simulations were performed for comparison, including the transformation of Y877 to pY877
in the unphosphorylated structures (inactive and active), and the transformation of pY877 to
Y877 in the respective phosphorylated systems. The transformation of Y877 to
phosphorylated Y877 produced a free energy change of −385.1 ± 1.2 kcal/mol for the active
structure and −384.0 ± 0.8 kcal/mol for the inactive structure, yielding a ΔΔF value of −1.1 ±
1.4 kcal/mol. The ΔF values for the reverse transformation, pY877 to Y877, resulted in a ΔΔF
value of 1.2 ± 1.5 kcal/mol [51]. The ΔΔF values suggest that phosphorylation of Y877
provides a small increase in stability of the active conformation relative to the inactive state,
although it is insufficient to significantly lower the kinase activation barrier. Therefore,
molecular stimuli in addition to the phosphorylation of Y877 are likely required for the
complete conformational activation of the HER2 kinase.

3.4. The αC-β4 Loop Region May Contribute to Autoinhibition
of the HER2 Kinase
In a recent study, Fan et al. [127] reported that HER2 is strongly autoinhibited relative to
EGFR and ErbB4, and that a mechanism for the autoinhibition involves sequence variation in
a loop connecting the αC helix and the β4 sheet. The HER2 kinase domain shares 83%
sequence identity with EGFR; in the αC-β4 loop, however, five of the eight residues in HER2
differ from those in EGFR. In particular, the polar residues in the αC-β4 loop of EGFR are
replaced by nonpolar residues in HER2, which form a hydrophobic patch that interacts with
another segment of hydrophobic residues positioned in the A-loop. The hydrophobic patch in
HER2 includes the following residues: V773, M774, G776, V777, G778, and V782 in the
αC-β4 loop, and I861, T862, F864, L866, and L869 in the A-loop. Several groups have
studied this hydrophobic region in terms of its interactions with various molecules, including
the molecular chaperone Hsp90 [128, 129]. Fan et al. [127] hypothesized that the
hydrophobic interactions between the αC-β4 loop and the A-loop stabilize the HER2 kinase
in the inactive state, resulting in lower constitutive catalytic activity relative to EGFR and
ErbB4.
To investigate the role of the αC-β4 region in HER2, we applied our hydrogen-bonding
analysis to the αC-β4 loop in HER2 and compared to the bonding networks in EGFR and
ErbB4. Our results revealed that both the inactive and active HER2 systems include only two
hydrogen bonds in the αC-β4 region. The S783-I861 bond is shared by both systems and
links the αC-β4 loop to the A-loop. EGFR and ErbB4, by contrast, reveal a stronger hydrogen
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bonding network in the αC-β4 loop. The active EGFR and ErbB4 systems contain 10 and
eight hydrogen bonds, respectively. Many of the bonds observed in active EGFR, including
H749-I829, C751-I829, and H749-V827, connect residues in the αC-β4 loop and the A-loop.
The active HER2 system lacks these hydrogen bonds because hydrophobic interactions, rather
than hydrophilic contacts, predominate in the αC-β4 region. The H749-I829 and H749-V827
bonds are absent in HER2 because a relatively nonpolar tyrosine residue is located in the
position analogous to the positively charged H749 in EGFR.
The network of hydrogen bonds identified in the αC-β4 region of the inactive HER2
system demonstrates a trend similar to the active HER2 system. The αC-β4 region of the
inactive EGFR and ErbB4 systems contain four and six hydrogen bonds, respectively,
whereas the inactive HER2 system contains only two bonds. The weak hydrogen-bonding
network and the predominance of hydrophobic interactions in the αC-β4 loop of HER2 may
be important in its association with the molecular chaperone Hsp90 [129]. Only HER2 among
the members of the ErbB family interacts with Hsp90; therefore it has been hypothesized that
binding of Hsp90 to the αC-β4 region in HER2 provides an inhibitory mechanism for
regulation of HER2 activity by preventing dimerization of the HER2 kinase [128].
Interestingly, HER2 gene mutations have been identified in a cohort of non-small cell lung
cancers that involve in-frame duplications/insertions within exon 20, a region that
corresponds to the αC-β4 loop in the kinase domain. The most common mutation is the inframe YVMA insertion at residue G776 (G776YVMA), which produces significantly higher
levels of tyrosine phosphorylation compared to wild-type HER2, resulting in uncontrolled
cell growth [14]. These mutations may operate by weakening the hydrophobic interactions
surrounding the αC-β4 loop and forming a hydrogen-bonding network similar to those we
have observed in EGFR and ErbB4, which may perturb the HER2-Hsp90 interaction that
normally maintains HER2 in an inhibited state.

3.5. Dimerization of HER2 Provides an Impetus for Kinase Activation
by Disrupting the Network of Inactivating Bonds
The results that have been discussed in the previous sections focus on the monomeric
HER2 kinase systems, but it has recently been shown that the ErbB kinases undergo
activation through the formation of an asymmetric dimer. Therefore we constructed a HER2EGFR heterodimer system in which HER2 is the kinase undergoing activation and EGFR is
the activating kinase. The heterodimer was modeled on the structure of the EGFR dimer
generated by Zhang et al. [32]. A second dimer was constructed in which HER2 was
phosphorylated on Y877, to determine the effect of A-loop phosphorylation (if any) on
dimerization and activation. We then solvated the dimer systems and performed a 20 ns MD
simulation to determine whether the dimer interface acts as a stimulus for activation of HER2.
The residues comprising the dimeric interface for HER2 included P707, Q711, M712, I714,
L768, L790, and V794; for EGFR they included I917, Y920, M921, V924, M928, I929, and
V956.
As was done for the monomer systems, PCA was performed for the dimer trajectories to
extract the most significant atomic motions of the systems. The PCA was focused on an
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active site region that included the Cα atoms of the A-, C-, and N-loops and the αC helix of
HER2, the kinase that is undergoing activation. As we observed for the inactive monomeric
simulations, the first and second eigenmodes are dominated by A-loop motion. However,
there are also significant fluctuations in the αC helix of HER2. We also observe a slight
conformational rearrangement of the αC helix toward the active state during the MD
simulation, as it transitions from an RMSD of 2–6 Å relative to the inactive state. Thus the
HER2 kinase (kinase undergoing activation) responds to the dimer interface by shifting
toward the active state.
To provide a mechanistic explanation for our observations regarding the effects of the
dimer interface on the HER2 structure, we focused our analysis on the pattern of hydrogen
bonds and salt bridges that persist throughout the dimer trajectories. To identify hydrogen
bonds that are weakened or broken as a result of the dimer interface, we performed a
hydrogen-bonding analysis of the 20 ns dimer trajectories and compared the results to those
of our monomeric systems. Our analysis of the bonding network in the heterodimeric systems
showed that many interactions present in the monomeric systems were either profoundly
weakened or severed throughout the course of the dimer simulations. In the Y877unphosphorylated HER2 dimer, several inactivating bonds (ie, bonds that serve to maintain
the inactive state) are broken, including N764-S760 and Y772-G776 in the αC helix and
G865-V842 and D873-R897 in the A-loop. In the Y877-phosphorylated HER2 dimer, several
bonds have also been perturbed, including T759-E874, L785-M774, and Y772-G776 in the
αC helix and G865-H843, R868-R840, and V884-K887 in the A-loop. It is not entirely
surprising that these interactions have been disrupted, as they are positioned in the region of
the HER2 kinase (mostly the αC helix) that directly participates in the dimer interface. In
both dimer systems, our results demonstrate that the dimerization interface directly perturbs
the network of hydrogen bonds and salt bridges responsible for maintaining the kinase in the
inactive state. This result is consistent with the allosteric activation mechanism proposed by
Zhang et al. [32].
However, several interactions remain unperturbed by the dimerization interface and
hence may pose significant free energy barriers to the conformational change accompanying
activation. The D863-K753 interaction, which must break in order for the activating salt
bridge, K753-E770, to assemble and also for the coordinating aspartate, D863, to be freed so
that it can facilitate rearrangement of the substrate tyrosine and the ATP molecule during
catalysis, persists throughout the dimer simulations. The K883-E757 bond, which is
conserved among all three inactive ErbB kinases, is also important in maintaining the inactive
structure, as it must break in order for the K883-E766 salt bridge to form in the active state.
Thus we performed umbrella sampling simulations (see Section 2.3) of the HER2 dimer in
order to force breakage of these unperturbed inactivating bonds and guide the dimer along
potential activation pathways. The RMSD of the A-loop and αC-helix was applied as the
reaction coordinate, as these regions undergo the most significant conformational changes
upon kinase activation. Figure II details the results of our targeted simulations; the αC-helix
shifted into the active site, transitioning from an RMSD of approximately 7 to 3 Å (see
rightmost plot in Figure II). During the transition, the D863-K753 bond was weakened,
although the activating salt bridge, K753-E770, has yet to form. Overall, the pattern of
hydrogen bonds in the dimer has shifted toward the active conformation, although we
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hypothesize that formation of the K753-E770 salt bridge may be one of the final events to
occur along the complete activation pathway.

Figure II. Umbrella sampling to drive the HER2 heterodimer from the inactive to the active
conformation. The αC helix is driven to the active configuration (purple). On the right is shown the
progression of the simulation for the αC helix; the helix moves further from the inactive conformation
and closer to the active conformation.

To determine the extent to which the molecular events occurring in the HER2 dimer are
conserved across the ErbB family, homodimer systems of the EGFR and ErbB4 kinases were
also constructed and simulated, and the results of the trajectory analysis were compared to
those of the HER2 dimer. In both the EGFR and ErbB4 dimers, the C-lobe of the activator
kinase was positioned in an asymmetric fashion relative to the N-lobe of the kinase
undergoing activation, inducing a conformational shift of the αC-helix toward the active
conformation. The conformational shift is correlated with perturbations to the hydrogen
bonding networks of the dimer system. In EGFR, the interactions disrupted in the inactivating
bond network surrounding the A-loop and the αC-helix are Y740-S744, L834-D813, H846R865, and K851-R812. In ErbB4, a list of bonds disrupted upon dimerization includes E739R841, D742-R841, E743-R817, G838-R817, G855-E730, and K856-E844. In both EGFR and
ErbB4, the sequestering E738-K836 salt bridge has weakened significantly with the survival
percentage (fraction present in the trajectory) of the bond in EGFR decreased from >90% in
the inactive monomer trajectory to ~60% and from >90% in the monomer trajectory to ~70%
in the dimer trajectory for ErbB4. Thus in all three dimer trajectories (EGFR, HER2, ErbB4),
the pattern of bonds in the αC helix is profoundly changed, suggesting that the dimers are
moving away from the inactive conformation and are more vulnerable to additional
perturbations that would promote the active conformation.

3.6. Hydrophobic Analysis of HER2 and Comparison to EGFR and ErbB4
Recent structural studies have revealed highly conserved hydrophobic “spines” within
kinases that are considered important for defining their catalytic state [130, 131]. The
regulatory spine (R-spine) consists of four hydrophobic side chains (M774, L785, H843,
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F864 in HER2) anchored by an aspartic acid in the αF-helix (D904 in HER2). The R-spine
spans several key regulatory sub-domains, and coordinates the motion of the N- and C-lobes
of the kinase [130]. The catalytic spine (C-spine) involves eight hydrophobic side-chains
(V734, A751, L806, V851, L852, V853, T911, L915 in HER2) that help support and
coordinate the adenine ring of ATP in the active state [131]. Similarly, in the inactive state
there is a small hydrophobic „core‟ formed between the αC-helix and the A-loop, which
maintains the kinase in the inactive conformation. Disruption of this hydrophobic core by
single point mutations has been shown to activate EGFR and ErbB4 [132-135].
Two analyses to measure the relative stability of the hydrophobic sub-regions include the
mean Solvent Accessible Surface Area (SASA) method as well as a method for assessing
water compressibility within a 5 Å volume of the relevant sub-regions as outlined by Garde
and colleagues [136, 137]. The SASA analysis is a reliable measure of hydrophobicity for
smooth hydrophobic interfaces but does not correlate perfectly with free energies of solvation
of hydrophobic groups near irregular hydrophobic surfaces, which are often found in proteins.
To investigate the effect of hydrophobic interactions on the ErbB kinase conformations,
we analyzed the SASA of relevant hydrophobic sub-regions, namely, the C-spine, R-spine,
hydrophobic core, and the αC-β4 region. The four regions have a high percentage of hydrophobic residues; however, some minor differences exist among members of the ErbB family ,
particularly in the αC-β4 region. The role of hydrophobic stabilization is ambiguous with
respect to the catalytically important C-spine and R-spine regions: while SASA analysis
suggests that the active conformations benefit from a larger buried surface area (less exposure
to solvent), the water density analysis suggests that the active and inactive conformations
show very similar density fluctuations. Thus a differential effect of hydrophobic stabilization
may not differentiate between the two kinase conformations with respect to the defined spine
regions.
We extended our hydrophobic analysis to the asymmetric dimer interface for EGFR,
HER2 and ErbB4, as the interface consists largely of hydrophobic side-chains in the N-lobe
of the kinase undergoing activation (M712, I714, L768, L790, and V792 for HER2) and the
C-lobe of the activating kinase (I949, Y952, M953, V956, and M960). Both SASA and
fluctuation analyses of local water densities imply that the inactive monomer conformations
of the ErbB kinases are preferentially stabilized through hydrophobic interactions associated
with the dimer interface. Moreover, as observed consistently across the ErbB family, kinase
domain dimerization further reduces the SASA of the dimer interface residues, implying that
hydrophobic interactions provide a dominant impetus for dimerization.
The αC-β4 region is an unstructured span of residues between the αC-helix and the β4
sheet in RTKs. Only in HER2 is the αC-β4 region predominantly hydrophobic. Reflecting
this difference, the αC-β4 region in the HER2 systems is shown to be uniquely stabilized in
both the SASA and water density analysis, particularly in the inactive conformation. This
feature of HER2 is thought to be responsible for its preferential association with the
molecular chaperone Hsp90.
There are several small in-frame mutations found in the ErbB family kinase domains that
are associated with an oncogenic cell fate. In HER2 the currently identified mutations are
focused upon the αC-β4 region, which is not implicated as a part of the active site in RTKs.
Instead, the activating clinical mutations in HER2 are in the αC-β4 region [14, 138], shown
here to be uniquely stabilized through hydrophobic interactions. Disruption of the
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hydrophobicity of the αC-β4 region could alter the binding to Hsp90 [139] and increase
heterodimerization and thus, activity of HER2.
In EGFR and ErbB4, the oncogenic mutations tend to increase the basal activity level of
the kinase. The two most common mutations seen in the EGFR kinase domain are L834R
(L866 in HER2) and a small deletion near the N-terminus of the αC-helix. The L834R
mutation, apart from directly disrupting the hydrophobic core in-lieu of the hydrophilic Arg,
leads to additional coupling of the A-loop to the C-loop and the A-loop to the C-lobe . The
deletion mutation directly alters the αC-helix to induce a shift toward its active conformation,
although it also disrupts the normal dynamics and potential extension of the αC-helix. Most of
the clinically identified mutations alter the activity in a similar fashion, though some are
situated near the asymmetric dimer interface and are likely to alter kinase activity either by
increasing the dimerization affinity or by reconfiguring the monomer by partially mimicking
the formation of the asymmetric dimer interface. For a more complete list of mutations in
EGFR and ErbB4 and their specific effects upon kinase activity, please see Shih et. al [49].
To summarize the results of the hydrophobic analysis, the active kinase conformations
have a greater number of conserved intramolecular stabilizing bonds (hydrophilic specific
interactions) than the inactive systems, whereas the inactive kinase conformations appear to
be preferentially stabilized by hydrophobic interactions of the dimer interface region and the
hydrophobic core. This observation is fully consistent with the view that, for ErbB kinases,
the dominant stimuli that activate them operate by modulating the dimer interface and the
hydrophobic core regions to destabilize the inactive conformation. For the wildtype systems,
this finding provides strong support for the allosteric mechanism associated with formation of
the asymmetric dimer interface reported by Zhang et al. [32] and Qiu et al. [31], and the
recent studies of juxtamembrane domain associations [140, 141]. In this respect, the emerging
view on allosteric ErbB regulation posits that, rather than forcing the protein to a new
conformation, the allosteric interface guides the kinase domain to the active state through preexisting conformational ensembles [142].

Conclusion
Given the involvement of the HER2 kinase in a variety of human malignancies, including
lung, gastric and breast cancer [8, 9, 143], it is necessary to investigate the molecular
mechanisms that govern kinase regulation and activation. Our MD simulations provide a
framework for elucidating the behavior of the HER2 kinase domain at the atomic level, in
both monomeric and dimeric forms. It is also useful to compare the molecular properties and
behavior of HER2 to EGFR and ErbB4, to determine the mechanistic basis for HER2's unique
mode of activation. Our computational studies of HER2 kinase characterized the principal
motions of the HER2 systems and interpreted the differences in atomic fluctuations in terms
of specific salt bridges and hydrogen bonds. In the active HER2 kinase, we identified an
extensive bonding network among the four catalytic sub-domains which was correlated with
the coupled principal motions of the sub-domains. The coupling between the A-loop and Cloop was especially pronounced, which suggests the role of the A-loop/C-loop interaction in
alignment of the catalytic residues for phosphoryl transfer. In comparing HER2 to EGFR and
ErbB4, we identified several hydrogen bonds that are conserved among the three ErbB
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kinases in the A-loop, C-loop, and αC helix of the active systems. However, the bonding
pattern in the αC-β4 loop differed considerably in HER2. As the αC-β4 region in HER2 is
primarily hydrophobic, it lacks many of the hydrogen bonds that occur in the αC-β4 loop in
EGFR and ErbB4. This hydrophobic patch of residues in HER2 is important in its association
with the molecular chaperone Hsp90, which may regulate HER2 activity by preventing RTK
dimerization. This additional layer of regulation by Hsp90 is unique to HER2; Hsp90 does
not associate with either EGFR or ErbB4, as they do not possess the hydrophobic patch of
residues. Unlike the other ErbB family members, the extracellular domain of HER2 is poised
for dimerization in the absence of ligand binding [24], rationalizing the requirement for
additional regulatory mechanisms that are unique to HER2. The weakening of hydrophobic
interactions and concomitant increase in the degree of hydrogen bonding in the αC-β4 region
of several clinically identified HER2 mutants alters the mutant HER2 bonding patterns in
similarity to those of EGFR and ErbB4. Such mutations are expected to result in constitutive
HER2 activity by perturbing the HER2-Hsp90 interaction and thus enabling uncontrolled
HER2 dimerization and activation.
Since the effect of phosphorylation of the regulatory tyrosine residue, Y877, on HER2
kinase activation remains controversial, we compared simulation results for unphosphorylated
versus phosphorylated forms of HER2. Our quantitative FEP simulations suggested that
phosphorylation of Y877 is insufficient to promote complete kinase activation; there are
likely additional molecular perturbations that are required for full activity. However, this does
not exclude the possibility that phosphorylated Y877 plays a role in promoting or maintaining
the active conformation. Indeed, our hydrogen-bonding analyses of the MD trajectories
strongly suggest that phosphorylated Y877 contributes to the network of fastening bonds in
the A-loop by bridging the hydrogen bonds at the C- and N-terminal ends of the loop, thereby
considerably altering the conformational environment surrounding the A-loop. Consistent
with these findings, Ishizawar et al. [144] postulated a role for phosphorylated Y877 in
enhancing HER2-ErbB3 heterodimer formation by potentially changing the conformation of
the kinase and engaging other molecules. Therefore it is plausible that the alteration in the Aloop conformational environment resulting from the bridging of A-loop residues by pY877
may affect recruitment of signaling mediators involved in cell proliferation and other
downstream signaling pathways. The residues involved in maintaining the A-loop in its
extended, open conformation (including R897, R898, and F899 in the αF helix) warrant
further investigation because mutation of these residues may disrupt the fastening bonding
network, and this effect may further elucidate the role of Y877-phosphorylation in HER2.
These computational predictions can be experimentally tested using mutagenesis assays.
The results that we have summarized thus far apply to the HER2 kinase in its monomeric
form, but it is proposed that HER2 is activated in the context of an asymmetric dimer. Thus
our simulations of the HER2-EGFR heterodimer enabled us to predict the effect of the dimer
interface on HER2 activation. The analysis of principal motions and hydrogen-bonding
patterns in the heterodimeric system revealed the weakening of several bonds responsible for
maintaining the inactive state, including bonds in the αC helix, as the αC helix directly
participates in the dimerization interface. As we observed for the monomeric structures, the
pattern of global motions of the kinase (in the case of the dimer, this motion included a
shifting of the αC helix) could be explained in terms of individual interactions identified in
our hydrogen bond analysis (ie, breakage of important inactivating bonds). However, we also
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identified several interactions that persist throughout the dimer simulations and therefore may
represent barriers to activation. Mapping of the activation pathway of the HER2 kinase would
enable the prediction of mutations that might result in constitutive activity.
The protein kinase genes represent the most frequently mutated genes in human cancers,
and several HER2 kinase domain mutants have been identified. Our computational
simulations provide insight into the effect of these mutations in the αC-β4 loop region of the
HER2 kinase through analysis of structural dynamics and hydrogen-bonding patterns in the
kinase domain. We are also able to make predictions regarding the effects of less-studied
regions, such as the αF helix, in regulation of kinase activation. Elucidation of the molecular
regulatory mechanisms will help characterize structure-function relationships in the wild-type
HER2 kinase, as well as predict mutations with potential for constitutive activation. Such
mutations in HER2 receptors have been shown to profoundly impact the efficacy of therapies
targeting HER2-mediated cancers.
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