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Abstract

In the ErbB/HER family of receptor tyrosine kinases, the deregulation of the EGFR/ErbB1/HER1,
HER2/ErbB2, and HER3/ErbB3 kinases is associated with several cancers, while the HER4/
ErbB4 kinase has been shown to play an anti-carcinogenic role in certain tumors. We present
molecular and network models of HER4/ErbB4 activation and signaling in order to elucidate
molecular mechanisms of activation and to help rationalize the effects of the clinically identified
HERA4 somatic mutants. Our molecular-scale simulations identify the important role played by the
interactions within the juxtamembrane region during the activation process. Our results also
support the hypothesis that the HER4 mutants may heterodimerize but not activate, resulting in
blockage of the HER4-STATS differentiation pathway, in favor of the proliferative PI3BK/AKT
pathway. Translating our molecular simulation results into a cellular pathway model of wild type
versus mutant HERA4 signaling, we are able to recapitulate the major features of the PI3K/AKT
and JAK/STAT activation downstream of HER4. Our model predicts that the signaling
downstream of the wild type HER4 is enriched for the JAK-STAT pathway, whereas downstream
of the mutant HER4 is enriched for the PI3BK/AKT pathway. HER4 mutations may hence
constitute a cellular shift from a program of differentiation to that of proliferation.
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1. Introduction

The ErbB family of receptor tyrosine kinases (RTKSs), which includes epidermal growth
factor receptor (EGFR/ErbB1/HERZY), ErbB2 (HER2), ErbB3 (HER3) and ErbB4 (HER4),
performs a crucial role in regulating critical cellular processes including migration,
differentiation, and proliferation [1-3]. The ErbB RTKSs are composed of an extracellular
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ligand-binding domain, a transmembrane segment, an intracellular protein tyrosine kinase
domain, and a C-terminal tail harboring tyrosine phosphorylation sites [4, 5]. Under
physiological conditions, ligand binding promotes homo- or heterodimerization of the
receptors and activation of their cytoplasmic domains [6]. Dimerization results in auto- or
trans-phosphorylation of tyrosine residues in the RTK C-terminal tail segments, which serve
as docking sites for signaling molecules containing SH2 or PTB domains [7, 8]. Aberrant
activation of the ErbB network is frequently associated with cellular transformation and
clinical malignancies such as lung, gastric, and breast cancers [9-16]. Overexpression of
HER?2 results in constitutive, ligand-independent activation of kinase signaling and is found
in 20-30% of human breast cancers, where it is correlated with an aggressive tumor
phenotype [17, 18].

Whereas deregulation of the EGFR, HER2, and HERS3 kinases is associated with many types
of human cancer, the HER4 kinase has recently been shown to play an anti-carcinogenic role
in certain tumors, including mammary carcinomas [19, 20]. One mechanism by which
HERA4 is thought to impede tumor progression in mammary cells is through the activation of
genes that promote cellular differentiation and inhibit proliferation, in effect steering the cell
away from a program of uncontrolled growth and toward a program of differentiation [21].
HERA4 is unique from the other ErbB receptors in that binding of the ligands neuregulin
(NRG) and heparin-binding epidermal growth factor (HB-EGF) induces proteolytic cleavage
of the 80 kDa HERA4 kinase domain, termed the s80 or soluble cleavage product, and binding
of s80 to the transcription factor (TF) STAT5a [22]. The s80-STAT5a complex then
translocates to the nucleus to regulate expression of genes involved in mammary cell
differentiation pathways, including the milk protein genes -casein and whey acidic protein
(WAP) [23-25], see Figure S1, supplementary information. Hence studies are underway to
determine the molecular pathways that are stimulated by the soluble HER4 protein [20, 23,
26, 27], particularly the network of transcriptional regulatory elements that are activated
upon nuclear translocation of HER4 and STAT5a [24, 25, 28, 29]. Delineation of the
signaling network associated with HER4/STAT5a activity would enable the exploitation of
the pathway for targeting of malignant cells. Specifically, activation of HER4 signaling in
aggressive breast tumors would present a novel therapeutic approach to suppress growth of
these malignancies.

Despite the unique role played by wild-type (WT) HER4 in certain tumor types, several
somatic mutations in the kinase domain of HER4 were recently discovered (see Figure S2,
supplementary information) in patients with breast, gastric, colorectal, and non-small cell
lung cancer [30]. Tvorogov et al. [31] analyzed the basal and ligand-induced
phosphorylation levels of the nine HER4 kinase domain mutants in various cell
backgrounds, and found that two of the mutations, G802dup and D861Y, disrupt the
catalytic activity of the HER4 kinase, whereas the remaining mutations do not appear to
affect HER4 phosphorylation. The group discovered that, despite loss of kinase activity, the
two mutant HER4 receptors were able to heterodimerize with HER2 and signal through the
ERK and PI3K/AKT pathways. However, kinase activity of HER4 was required for ligand-
induced activation of the STAT5a differentiation pathway, and as a result, the HER4
mutants were unable to activate STAT5a signaling or cell differentiation. Not only were the
two mutants unable to induce cell differentiation, but when over-expressed in a breast cancer
cell line, they actively suppressed the formation of differentiated acinar structures, in
contrast to wild-type HER4, which induced differentiation. Thus, the HER4 mutants exhibit
a selective loss-of-function phenotype, which is biased toward proliferative signaling
pathways and against the cell differentiation pathway.

To explore the implications of HER4 activity for ErbB signaling and cell fate switching, a
multiscale modeling approach is advantageous [32]. Multiscale computational modeling has
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been applied to a variety of biological systems [33-39] to help quantify the complexity
inherent in intracellular signaling networks. As the biochemical processes within a cell occur
on multiple spatial and temporal scales, a multiscale modeling approach is necessary to
represent a hierarchy of interactions ranging from the molecular (nm, ns) to cellular
signaling (1m, ms) length and time scales. Multiscale modeling provides a powerful and
quantitative methodology for studying the effects of molecular perturbations, in our case,
HER4 somatic mutations, on the cell phenotype, i.e., the decision between two cellular fates,
proliferation and differentiation.

Given the tumor inhibitory role performed by HER4 in certain contexts and the recent
interest in exploiting the HER4 pathway therapeutically, we pursue a multiscale modeling
study of the HER4 kinase system at the molecular and cellular levels. A variety of modeling
techniques, ranging from atomic-level molecular dynamics (MD) simulations to cellular-
level modeling, are applied to investigate the WT activation mechanism of the HER4 kinase
and the physiological relevance of this activity to the selection of divergent cellular
signaling pathways. We begin by simulating and analyzing a molecular model of the WT
HER4 homodimer in order to elucidate molecular mechanisms of activation in the WT
kinase. We then apply the results of our WT simulations to help rationalize the effects of the
clinically-identified HER4 somatic mutants on the cell phenotype. The results of our
molecular-scale simulations support the hypothesis that the HER4 mutants may
heterodimerize but not activate, resulting in blockage of the HER4-STATS differentiation
pathway, in favor of the proliferative PI3K/AKT pathway. Our molecular simulation results
of HER4 kinase activity are then translated into a cellular pathway model of WT versus
mutant HER4 signaling.

2. Materials and Methods

2.1 Molecular dynamics simulations of the HER4 homodimer

The HER4 kinase homodimer system was modeled on the crystal structure of the HER4
dimer published by Qiu et al. [40] using MODELLER [41]. The receiver kinase was
modeled as a HER4 monomer in the inactive conformation, and the activator kinase as a
HER4 monomer in the active conformation, see Figure 1. We also constructed the mutant
structures in MODELLER [42], using our equilibrated WT HERA4 structure as the template.
Energy minimization was performed in MODELLER to remove any unfavorable contacts,
and nearest neighbor amino acids were allowed to optimize their positions.

Based on the asymmetric dimer interface observed in both the EGFR and HER4 crystal
structures [40, 43], we constructed a HER4 wild type homodimer system in which an
inactive HER4 monomer serves as the receiver kinase and an active HER4 monomer serves
as the activator kinase (see Figure 1A,B). The dimer interface residues comprise portions of
the C-lobe in the activator kinase and segments of the N-lobe in the receiver kinase.
Recently, the juxtamembrane (JM) domain, or the 37-residue segment connecting the kinase
domain to the ErbB transmembrane domain, has been shown to play an important role in the
complete activation of the ErbB RTKSs [44, 45]. Although the molecular mechanism
underlying the activating role of the JM region is unknown, a recent crystal structure of the
EGFR kinase dimer [44], which includes the complete JM domain, revealed that the JM
region in the receiver kinase makes extensive contacts with the C-lobe of the activator
kinase, forming a latch that ‘cradles’ the activator kinase to stabilize the asymmetric dimer
interface. There have been several reported studies of the EGFR dimer [46, 47]; however,
none have included the JM domain. Not only do we report the first study of the HER4
dimer, our study is also the first to include the crucial JM region.
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The structures were minimized to remove unfavorable contacts and hydrogen atoms were
added using the hbuild routine in CHARMM [48]. The dimer was explicitly solvated using
the TIP3P model for water [49] and with the buffering distance set to 15 A for a total system
size of approximately 120,000 atoms. Sodium (Na*) and chloride (CI”) ions were added to
achieve net electroneutrality of the system and an ionic strength of 75 mM. All Na* and CI~
ions were placed at least 8 A away from any protein atoms and from each other. Constant
pressure and temperature (NPT) simulations were performed at 300 K and 1 atm. to
equilibrate the volume of the solvation box. Temperature and pressure were maintained
using a Langevin piston coupling algorithm [50]. Following the NPT simulations, constant
volume and temperature (NVT) simulations were performed in NAMD. Finally, a 10
nanosecond production run was completed using the same parameters as in the NVT
simulations. A second dimer, in which the receiver kinase is in the active form, was
constructed to serve as the target structure for the TMD simulations. This dimer was also
simulated (NVT) for 10 ns. All simulations were performed in NAMD [51] using
CHARMMZ27 force-field parameters.

2.2 Targeted molecular dynamics (TMD) simulations

TMD simulations, which were implemented in NAMD [51], were applied to accelerate the
conformational change of the HER4 dimer from the inactive to the active state. The root
mean square deviation (RMSD) between the current structure and the target structure was
used to calculate a steering force, which was applied to every atom in the chosen molecular
subset, and is calculated as follows:

k
UTMDZO'E’N[RMSD(t)—RMSDO(t)]Z

RMSD(t) represents the RMSD, for a chosen molecular subset, between the current structure
and the reference target structure at simulation time t. RMSDg(t) is the target RMSD value
at simulation time t. The force constant, k, was deliberately chosen to be low so as not to
overwhelm the thermal fluctuations, and tested for values ranging from 0.5-20 kcal/mol/A2,
and ultimately, a value of 20 was chosen; see section 2.3, below. N represents the number of
atoms included in the target subset. During optimization of the TMD simulations, a variety
of molecular subsets were tested, including all backbone atoms of the receiver kinase or of
the catalytic site only. Ultimately, a subset, which included the heavy atoms of the catalytic
site, was chosen. TMD simulations were run for 25 ns with a time step of 2 fs. The
conformational transition from the initial to the target structure was determined by
decreasing the value of RMSD(t) as a function of the simulation time. The value of
RMSDy(t) was linearly decreased to 0 Angstroms during the 25 ns TMD simulation. Upon
reaching the target structure, MD simulations were run to allow the system to fully relax into
the target conformation.

2.3 Optimization of TMD simulation restraints

As the A-loop and aC helix in the receiver kinase undergo the most pronounced
conformational shifts during the transition from the inactive to the active state, we included
these two catalytic sub-domains in our set of TMD restraints. Previous TMD studies of the
EGFR kinase [46, 47] have focused on conformational changes in these sub-domains;
however, other regions of the kinase may also be important in the activation mechanism. To
incorporate a more global view of the allosteric activation mechanism, we extended our list
of TMD restraints to include the entire catalytic site in the receiver kinase. To avoid over-
constraining the system, we allowed the remainder of the kinase, including the JM domain,
to move freely. Additional degrees of freedom were allowed in that the activator kinase was
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completely free to move, as it provides the activation stimulus but does not itself undergo
any well-defined conformational changes.

We experimented with several different sets of restraints for the TMD simulations. The
spring constant used to apply force to the dimer system was varied from k=0.5-20 kcal/mol/
A2, In addition to optimizing the force constant, we varied the set of targeted atoms.
Specifically, we tested the following sets of target atoms: all backbone atoms of the receiver
kinase, heavy atoms of the A-loop and aC helix, and alpha carbons, backbone atoms, or
heavy atoms of the catalytic site. Restraining the heavy atoms of the catalytic site produced
the most successful result in terms of achieving the target kinase conformation. We also
tested the application of restraints to the JM domain, but as it is a protein terminus in our
simulations, this resulted in an over constrained system. The TMD simulation time was
varied from 2-25 ns. The longer the simulation and the smaller the force constant, the more
accurate the results, and therefore we tested several different combinations of simulation
time and force constant. We found that the minimum force constant required for our large
dimer system (approximately 120,000 atoms) was k=5 kcal/mol/A2, which, following a 10
nanosecond TMD simulation, shifted the dimer by 1 Angstrom toward the target
conformation. Application of a slightly larger force constant, k=10 kcal/mol/AZ2, resulted in
a small improvement, shifting the dimer by about 2 Angstroms toward the active
conformation. However, in running these simulations longer than 10-12 ns, we did not see
an improvement in the RMSD, suggesting that, using a force constant of 5-10 kcal/mol/A2,
a prohibitively long simulation is required for such a large dimer system.

A force constant of k=20 kcal/mol/AZ proved to be the minimum value required to achieve
the target conformation in a reasonable simulation time, 25 ns. To gauge whether the dimer
had achieved its active state, we calculated the RMSD with respect to the active dimer
(target structure) and also analyzed the pattern of hydrogen bond changes during the TMD
simulation. For the k=20 kcal/mol/A2, 25 ns simulation, the final RMSD of the backbone
atoms of the receiver kinase with respect to the target structure was approximately 1.2 A,
whereas the receiver had moved approximately 3.6 A away from the starting (inactive)
conformation. Due to the flexible nature of the A-loop and several other loop regions in the
kinase, we did not aim to attain an RMSD of 0 A. Rather, we focused on the key changes in
the hydrogen bonding pattern and the catalytic sub-domain conformations. We also ensured
that the A-loop was in its open, extended form, allowing for the binding of peptide and ATP.

2.4 Analysis of the TMD trajectories

Several types of analyses were performed on the TMD trajectories. Hydrogen bonding
analysis was performed to define those bonds that broke or formed during the course of the
TMD simulation. Hydrogen bonds were defined by a bond length cutoff of 3.4 A and an
angle cutoff of 150°. Bonds that fulfilled these criteria and were present in at least 60% of
the trajectory were tabulated in CHARMM. Salt bridges were defined as hydrogen bonds
occurring between an acidic and a basic residue and satisfying a bond length cutoff of 1.6 A.
All hydrogen bonds and salt bridges were also visualized in VMD [52] for the duration of
the 10 ns simulation. Principal component analysis (PCA) of the MD trajectories was
performed in CARMA [53]. During PCA, the frames of the MD simulations were aligned
with respect to the backbone C,, atoms and the covariances of positional fluctuations were
computed.

Ramachandran plots were constructed for key residues in order to track any changes in the
dihedral angles phi and psi. The phi and psi angles were computed for the specified residues
for each frame of the TMD trajectory, using VMD. The residues chosen included R841,
L843, S749, and F872, as these residues undergo bonding changes during the transition to
the active conformation.
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RMSD values were measured for the dimer undergoing TMD, with respect to the active
(target) structure and the inactive (starting) structure. The RMSD was measured with respect
to the backbone atoms of the catalytic site, and also with respect to the entire receiver
kinase, to gauge the progression of the TMD system along the activation pathway.

2.5 Network model of WT and mutant HER4 signaling pathways

The computational signaling model was based on modules from two published signaling
models: the PI3K/AKT signaling branch was based on the model by Schoeberl et al. [54],
and the JAK2/STAT5a signaling branch was based on the model by Yamada et al. [55].
Mass-action reactions describing ligand-induced ErbB receptor homo- and
heterodimerization, receptor internalization and degradation, constitutive dimerization, and
activation were included. The PI3K/AKT model was modified to include HER4 dimers (the
original model excludes HER4, as HER4 expression levels are low in the cancer cell lines
on which the model is based). Hence all four ErbB RTKs are included in the model, and
allowed to dimerize in response to stimulation with the ligands neuregulin-1p (NRG-1f) and
HB-EGF. The WT HERA4 kinase was assumed to preferentially induce the JAK/STAT5S
pathway via HER4 homodimers, whereas the mutant HER4 kinase was assumed to
preferentially induce the PISBK/AKT pathway via HER4 heterodimers. Levels of
phosphorylated ppAKT and pSTAT5a nuclear dimers were considered as read-outs of
pathway activation for mutant and WT HER4 dimers, respectively.

The PI3K/AKT pathway has been previously well characterized and modeled, whereas the
HER4-JAK-STAT pathway has not (to our knowledge) been modeled, and thus we delineate
the major events here. Upon binding to NRG, HER4, which can basally associate with
JAK2, as has been shown experimentally [26], homodimerizes and becomes phosphorylated.
The HER4-JAK2 complex then binds and activates STAT5a, which becomes
phosphorylated and dimerizes. We incorporate JAK2 into the model in this way to reflect
that it is required for the HER4-mediated activation of STAT5a, though the mechanism is
currently unknown. The HER4-STAT5a dimer then cleaves from the membrane and
translocates to the nucleus; this event is represented in the model to reflect that STAT5a is
unable to accomplish nuclear translocation without HER4 as a chaperone [23]. STAT5a and
HERA4 dissociate in the nucleus, where STAT5a induces expression of various genes. The
only gene expression event explicitly represented in our model is the expression of SOCS,
which, upon translation into SOCS protein, inhibits the JAK-STAT phosphorylation event in
the cytoplasm. We note that there are a total of four negative regulators present in the JAK-
STAT signaling branch, including SOCS, SHP-2, which dephosphorylates the HER4-JAK?2
complex, PPX, which represents the cytoplasmic STAT5a phosphatase, and PPN, which
represents the nuclear STATS5 phosphatase [55]. The network model is available in the
SBML format as part of the supplementary information.

All simulations were performed in MATLAB 7.10 (MathWorks, Natick, MA). Parameter
sensitivity analysis was performed by computing the normalized sensitivity, S, [56] defined

by:
90;/0;
Y Opj/p;

where O; is the time-integrated (over a 4 h period) response of the ith model output (such as
PAKT levels) and pj is the jth parameter (rate constant or initial condition).
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3.1 Simulation of the HER4 homodimer

3.2 Analysis

3.3 Analysis

To explore the molecular activation mechanism of the WT HER4 kinase, we performed
atomic-level simulations of the HER4 kinase crystal structure. We ran 10 nanoseconds of
molecular dynamics simulation on the HER4 dimer in the inactive state, as well as on a
second HER4 dimer system representing the activated state. The purpose of these
simulations was to provide a frame of reference for the analysis of bond patterns (see Figure
1C). No significant motions were revealed in either control simulation, although the active
dimer was more stable than the inactive dimer. A PCA of the system trajectories revealed
that the inactive dimer does move slightly toward the active conformation, in that there is a
dominant shifting motion of the aC helix into the active site (Figure 1D). As in our previous
simulations of the EGFR dimer [57], the dimer interface provides a stimulus to shift the
inactive receiver kinase (mainly, the aC helix) away from the inactive conformation and
toward the active state. The activation loop (A-loop), which is not positioned directly in the
dimer interface, does not globally shift during the control simulations, and most likely
requires other perturbations in order to transition to its open, extended state. Within the short
time scale of our MD simulations (on the order of hanoseconds), the presence of the dimer
interface is insufficient to fully activate the receiver kinase, an event which, in actuality,
would occur on the order of milliseconds to seconds.

of global changes during the TMD simulation

To delineate the sequence of molecular events involved in the activation of the HER4 dimer,
we undertook targeted molecular dynamics (TMD) simulations, which are used to steer a
structure from one conformation to another, in our case, from the inactive to the active
conformational state of the HER4 dimer (see Methods). The TMD trajectory was analyzed
using several methods. First, global changes in the HER4 dimer system were assessed to
determine the sequence of molecular events required to achieve the target conformation.
Figure 2(A,B) tracks the RMSD of the backbone atoms of the A-loop and aC helix during
the progression of the 25 ns TMD simulation. Relative to the active (target) structure, the A-
loop moves from an RMSD of approximately 14 to 4 A, and relative to the inactive
(starting) structure, it moves from an RMSD of 1 to 12 A (Figure 2B). The aC helix shifts
from 4 to 2 A away from the active structure, and from 1 to 4 A away from the inactive
structure. Interestingly, the aC helix becomes closer to the active conformation (relative to
the inactive conformation) at approximately 18 ns, whereas the A-loop becomes closer to
the active conformation a bit later, at 21-22 ns (Figure 2B). This order of events, i.e., the aC
helix shifting before the A-loop, can partially be rationalized by the location of the aC helix
within the dimer interface, such that it is expected to be directly impacted by the dimer
interface stimulus. We have also observed this sequence of molecular events in our previous
studies of the EGFR dimer [57]. This mechanism may be unique to the ErbB kinases in that
other kinase families, such as Src, are thought to undergo the reverse order of events (A-loop
moves before a.C helix [58]).

of local interactions during the TMD simulation

In order to translate the global pattern of sub-domain motion that we observed for the HER4
TMD system into changes in specific, or local, interactions, we next analyzed the TMD
trajectory for hydrogen bonds and salt bridges which may have broken or formed during the
conformational transition to the active state (see Methods). As the pattern of hydrogen bonds
maintaining the inactive state differs significantly from the bond pattern in the active state,
we expect to observe these changes during the course of the TMD. Figure 1C summarizes
all bonds, which have either broken or formed during the transition from the inactive to the
active conformation. The E743-K726 salt bridge, which is conserved among the active ErbB
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kinases and is required for the coordination of the a and 3 phosphates of ATP, represents
one of the key bonds which must form during kinase activation. In the inactive state, there
are two residues which sequester E743 and K726, therefore autoinhibiting kinase activation
by preventing formation of the key salt bridge. These two sequestering bonds are D836-
K726 and R841-E743, which must break during the activation process. Indeed, in our TMD
simulation, these two bonds have broken, freeing the E743 and K726 residues to form the
crucial salt bridge (Figure 1C and Figure 2C). Figure 2C tracks the change in bond length
for the R841-E743 sequestering bond during the course of the TMD simulation. In
comparison to the 10 ns MD control simulation, in which the R841-E743 bond
spontaneously forms and breaks during the course of the simulation, the bond successfully
breaks (at t=18 ns) during the 25 ns TMD simulation. The Ramachandran plot in Figure
2D(i) tracks the change in the backbone dihedral angles for the R841 residue (see Methods),
revealing that the angle phi flips from a small negative value to a large positive value during
the conformational transition, facilitating breakage of the R841-E743 bond. Other
interactions which are severed during the TMD simulation include E730-K856, which
allows the E739-K856 bond (between the A-loop and aC helix) to form, and the E847-R870
bond in the A-loop.

Another important interaction is L843-R813, which does not appear in the inactive dimer,
but forms during the TMD simulation. This bond couples the A-loop and C-loop in the
active state, and helps to maintain the A-loop in its open, extended form. In fact, several
bonds which bridge the A-loop and C-loop occur in the active kinase, and can be considered
“fastening bonds’ in that they stabilize the A-loop in its activated conformation [59, 60].
Several of these interactions were observed to form during our TMD simulation. Figure
2D(ii) depicts the Ramachandran plot, which tracks any changes in the backbone dihedral
angles for the L843 residue. It is apparent from the plot that the angle phi flips from a small
negative value to a large positive value during the course of the TMD simulation, facilitating
the formation of the L843-R813 fastening bond.

In addition to the bonding pattern in the receiver kinase changing in response to the TMD
restraints, several inter-kinase bonds (i.e., bonds between the receiver and activator kinases)
also broke during the 25 ns TMD simulation. Specifically, the D742-K917 bond, which
occurs between the aC helix of the receiver kinase and the C-lobe of the activator kinase, is
significantly weakened. The S764-E896 bond fully breaks during the TMD simulation. Such
inter-dimer bonds have not been explored in previous TMD simulations of the EGFR kinase,
yet may be worthwhile to investigate further, as previously-overlooked interactions between
regions of the receiver and activator monomers may play a key role in kinase activation.

The bonding pattern in the JM region of the receiver kinase also shifts during the course of
the TMD simulation. The following bonds change: N681-S749 is weakened, E690-S764
forms, and K689-E715 and E692-W712 break. One bond, L685-Q903, forms between the
JM domain of the receiver kinase and the C-lobe of the activator kinase. In addition, Figure
2D(iii) displays the Ramachandran plot for S749, revealing that the phi angle flips from a
negative to a positive value. Cross-referencing these JM residues with the list of JM amino
acids shown to abolish EGFR phosphorylation in the scanning alanine mutagenesis assay
performed by Red Brewer et al. [44], we discovered significant overlap. In particular, N681
(N676 in EGFR) and L685 (L680 in EGFR) both participate in JM interactions that are
altered during our HER4 TMD simulation, and mutation of the analogous residues in EGFR
was shown to abrogate kinase activity [44]. Thus our results for the HER4 dimer are in
agreement with the experimental results, and highlight from a structural perspective the
importance of the JM region as a key component of the activation mechanism in the ErbB
kinases (at least, in EGFR and HER4).
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3.4 Rationalizing the molecular effects of the HER4 somatic mutations

As discussed in the Introduction, two of the nine clinically identified HER4 somatic mutants
(see Figure S2) exhibit a selective loss-of-function phenotype in terms of the downstream
signaling pathways that are preferentially activated. To provide insight into the molecular
mechanisms by which the HER4 mutants exert their preferential signaling effects, we
assessed the mutants D861Y (biochemical numbering is D836 and will be used henceforth)
and G802dup (biochemical numbering is G777) in the framework of our WT HER4
simulations. The D836Y mutation is located in the DFG motif, a highly conserved amino
acid segment which is positioned at the N-terminal end of the A-loop in many eukaryotic
kinases, and is critical for efficient phosphotransfer. Based on our WT HER4 simulations
and our mutant D836Y structure, it is apparent that in the WT kinase, D836 forms a crucial
set of interactions with N823 and D818 (C-loop), the catalytic aspartic acid which
deprotonates the hydroxyl group of the substrate tyrosine residue. The bulky tyrosine side
chain in the D836Y mutant appears to disrupt these interactions, which are key in orienting
the peptide substrate for phosphoryl transfer; thus the catalytic activity of the kinase is
predicted to be abrogated. Furthermore, in our TMD simulation of the WT HER4 dimer,
D836 sequesters the key activating salt bridge by bonding with K726, an interaction which
is released in the active kinase. Thus D836 serves important roles in both the inactive and
active kinase conformations.

G777 forms part of the ATP-binding pocket in the HER4 kinase. Our structural mutant
model revealed that the G777dup mutation perturbed the relative orientation of the energy-
minimized neighboring residues, including H776, C778, and L779. Furthermore, other
neighboring residues which were perturbed played key roles in our TMD simulation of the
WT Kkinase. In particular, L773, which contributes to the ATP-binding pocket and is
displaced in the G777dup mutant, bonds with P722 during the TMD simulation of the WT
HERA4 kinase. Although ATP is not explicitly included in our models, the disruption of the
ATP-binding pocket introduced by the G777dup mutation is expected to significantly impair
the proper docking of ATP into the catalytic site. Thus our simulations help to predict, at
molecular resolution, the specific structural perturbations which are likely to be introduced
by the D836Y and G777dup mutants.

We also examined the two mutations in the context of the HER4 dimer interface. Our WT
simulations confirmed that the mutations are unlikely to disrupt dimerization of HER4
directly, due to their position relative to the simulated dimer interface. The message
supported by our simulations is that the mutants abolish kinase activity but not dimerization
of HER4, a hypothesis which is underscored by the experiments and modeling of Tvorogov
et al. [31]. Although the effects of these mutants may be predicted through analysis of the
crystal structure of the HER4 homodimer, this gives only a static picture of the impact of
such perturbations. Our HER4 simulations provide a dynamic picture of the crucial roles
played by D836 and G777 in the WT kinase activation mechanism.

3.5 Branched signaling model of WT versus mutant HER4 pathways

Due to the disrupted kinase activity of the HER4 mutants, they are unable to activate
STATS5a, which requires HER4 kinase activity. Thus, in the inactivating HER4 mutant
systems, there is a bias toward the cellular proliferative signaling pathways, which are
induced by HER4 heterodimers. In order to capture this divergence in downstream signaling
pathways between the WT and mutant HER4 kinases, we constructed a branched HER4
signaling model to explore under what conditions each respective pathway is selected
(Figure 3). The purpose of our model is to explore two signaling branches of the HER4
signaling model. In our network model, the PI3K/AKT cascade is stimulated by ErbB
heterodimers with mutant HER4 as well as WT HER4 homodimers. Whereas, the JAK2/
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STATS5a cascade is only induced by WT HER4 homodimers. Figure 4A displays time
course plots for several model species, including phosphorylated HER4-JAK?2 dimers,
cytoplasmic STAT5a, phosphorylated nuclear STAT5a dimers, and cytoplasmic SOCS
mMRNA, in response to stimulation with 5 nM NRG. It is apparent that levels of pHER4-
JAK?2 peak at approximately 30 minutes post-ligand stimulation, and levels of
phosphorylated nuclear STAT5a dimer peak at approximately 1 hour post-stimulation. Due
to the time lag during which STAT5a translocates to the nucleus and induces expression of
SOCS mRNA, levels of cytoplasmic mRNA do not peak until approximately 2 hours post-
induction. The damped oscillations in the temporal responses in ppAKT and pSTATn are
due to the negative feedback loops featuring the respective phosphatase molecules.

In response to an in silico cell expressing WT HER4, the activation of HER4 homodimers
and the JAK2/STAT5a signaling branch is increased. Thus the JAK2/STAT5a cascade
becomes the predominant signaling pathway. In direct contrast, in response to expression of
mutant HERA4, signaling through phosphorylated HER4 homodimers is essentially turned
off, and PI3K/AKT is the predominant pathway induced by activated ErbB dimers (Figure
4B). The model recapitulates the major features of PI3K/AKT and JAK/STAT signaling
dynamics, including the importance of the STAT5 nuclear phosphatase in governing both
peak and steady state levels of nuclear pSTAT dimer. Our model is also the first (to our
knowledge) to explicitly incorporate the HER4-JAK-STAT signaling branch. Specifically,
the mutants signal through the proliferative ERK and PI3K/AKT pathways but not through
the STATb5a differentiation pathway.

3.6 Parameter sensitivity analysis of the HER4 signaling model

To identify the key proteins that direct signaling in our branched signaling model, parameter
sensitivity analysis was performed with respect to phosphorylated AKT (ppAKT) and
nuclear phosphorylated STAT5a (pSTAT5a). Figure S3(A), supplementary material,
displays the normalized sensitivity of ppAKT to various species in the model, and it is
apparent that HER2, HER3, and HER4 represent the most sensitive species in the signaling
network, as they can all equally heterodimerize to activate the AKT pathway. EGFR is not a
strong determinant of the extent of AKT phosphorylation, as expected from the weak ability
of NRG-1p to elicit EGFR dimers. PTEN (the PIP3 phosphatase), PP2A, and the ErbB
phosphatase exhibited a negative sensitivity in the analysis, as these phosphatases negatively
regulate the signaling network through dephosphorylation of key molecular species. JAK2
also exhibited a negative sensitivity, suggesting that an increase in JAK2 expression would
dampen AKT signaling. This result can be rationalized in that JAK2 competes with the AKT
pathway (specifically, with PI3K) for binding to HER4 kinase.

Figure S3(B) displays the normalized sensitivity of phosphorylated nuclear STAT
homodimers (pSTATN_pSTATN) to the model species. STATc (cytoplasmic STAT5a) and
JAK?2 expectedly represent the most sensitive species. EGFR, HER2, and HER3 are not
sensitive, as only HER4 can stimulate the JAK2/STAT5a pathway. Interestingly, HER4 is
not a very sensitive species, as it is in excess compared to JAK2 levels (i.e., JAK2 is the
limiting species and thus exhibits high sensitivity). However, if we decrease the initial
concentration of HER4 such that it is below that of JAK2, the HER4 sensitivity increases to
a normalized value of 0.59 (Figure S3(C)), while the JAK2 sensitivity decreases
considerably, as it is no longer the limiting species. Thus the ratio of HER4:JAK2 levels,
which varies among different cell types, is crucial, as is the ratio of HER4:PI3K.

4. Discussion and Conclusion

In this work, two modeling techniques, namely, atomic-level MD simulations and network
modeling simulations, were applied to investigate the WT activation mechanism of the
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HER4 kinase and the physiological relevance of this activity to the selection of divergent
cellular signaling pathways. A molecular model of the WT HER4 homodimer was first
simulated in order to elucidate molecular mechanisms of activation in the WT kinase. We
then applied the results of our WT simulations to help rationalize the effects of the clinically
identified HER4 somatic mutants on the cell phenotype.

The WT activation pathway for the HER4 kinase was first analyzed through simulations of a
HER4 homodimer system. The simulations highlighted key molecular interactions which are
predicted to be important in the HER4 activation mechanism. We discovered that the order
of events, in terms of motions of the individual catalytic sub-domains, differed from those of
other kinase families such as Src, a distinction which may partially be attributed to the fact
that phosphorylation of the A-loop tyrosine residue is not required for ErbB kinase
activation. In addition to delineating global motions and hydrogen bonding events taking
place within the activated kinase, we also identified several inter-kinase bonds (i.e., bonds
between the receiver and activator kinases) which broke during the TMD simulation.
Moreover, the bonding pattern in the JM region of the receiver kinase shifted during the
course of the TMD simulation, a result which is in agreement with previous experimental
studies demonstrating that the JM domain is a crucial contributor to the kinase allosteric
activation mechanism [44, 45]. These inter-kinase and JM domain bonds have not been
explored in previous simulations of the EGFR kinase, yet our results indicate that they
warrant further investigation, in order to piece together the complete activation pathway of
the ErbB kinases.

We applied the results of our WT analysis to rationalize the effects of two clinically reported
HER4 somatic mutations, D836Y and G777dup. Specific residues perturbed by the
mutations were cross-referenced with bonds that broke or formed during our TMD
simulations of the WT HER4 kinase, underscoring the importance of D836 and G777 in the
activation of the WT kinase. Our results confirmed the effects of the mutants on disruption
of the catalytic site and impairment of kinase activity. However, our WT simulations
confirmed dynamically and allosterically that the mutations are unlikely to disrupt
dimerization of HER4 directly, due to their position relative to the simulated dimer interface.
This observation of impaired activation but not dimerization in the mutant systems
underscores the difference between the wild type and mutant systems at the network level. It
is noteworthy that the HER4 mutants are unique among the ErbB kinases in that similar
mutations have been reported in EGFR and HER2, yet these mutations confer a gain-of-
function phenotype [61, 62]. Specifically, tumors expressing these mutant EGFR and HER2
RTKs demonstrate increased ErbB phosphorylation and kinase activity. In addition, these
gain-of-function mutations in EGFR and HER2 confer sensitivity of tumors to specific
kinase inhibitors [10, 63—-65], suggesting that these tumors have become addicted to
signaling through the mutant ErbB kinases. By contrast, similar mutations in HER4, which
we have analyzed in this work, result in a selective loss-of-function phenotype by abolishing
HERA4 kinase activity but not dimerization. These HER4 mutants do not demonstrate
sensitivity to specific kinase inhibitors [31], as do the analogous EGFR and HER2 mutants.

As HER4 may represent the only member of the ErbB family of RTKSs to play an anti-cancer
role in certain tumor contexts, it is crucial to quantitatively evaluate the signaling dynamics
of the HER4 pathway in the cell environment. Thus we translated the results of our
structural studies of the WT HERA4 kinase, which corroborated that the HER4 somatic
mutants abrogate the ability of HER4 to activate but not dimerize, into a cell signaling
model of HERA4 activity, which branches into two different pathways: the JAK2/STAT5a
network (induced by WT HER4) and the PI3K/AKT cascade (induced by mutant HER4).
We find that HER4 homodimers predominantly induce the JAK2/STATS5 pathway, although
in an in vivo context, it is likely that a combination of hormones and ligands, including

Biotechnol J. Author manuscript; available in PMC 2014 December 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Telesco et al.

Page 12

prolactin and hydrocortisone, contributes to the preferential stimulation of HER4
homodimers rather than other ErbB dimer combinations, in response to ligands such as NRG
(which can also bind to HER3). Our model is able to recapitulate the major features of the
PI3K/AKT and JAK/STAT pathways, yet is the first, to our knowledge, to explicitly
incorporate the HER4-JAK-STAT signaling axis as well as the unique events occurring in
the HER4-STATD5a pathway, including translocation of the activated kinase into the nucleus
to effect gene transcription.

Additional experiments in the HER4-stimulated mammary epithelial cells are necessary in
order to delineate the role of crosstalk between the HER4 pathway and other signaling
cascades, including the glucocorticoid receptor and prolactin pathways, in promoting the
HERA4-induced differentiation signal, emphasizing that these synergistic networks must be
taken into account when considering therapeutic modulation of the HER4 pathway. We
suggest that HER4-mediated STATD5a activation may constitute a cellular shift from a
program of proliferation to a program of differentiation: precisely the same shift that can
potentially be modulated to bias tumor cells toward the HER4 differentiation pathway for
therapeutic purposes.

Based on our hypotheses regarding the HER4 mutants, parallels can be drawn to themes
which emerged from our previous multiscale modeling studies of the HER3 kinase [33, 60,
66, 67]. In particular, we have shown through our multiscale studies of the HER3 and HER4
kinases that ErbB kinases devoid of intrinsic kinase activity are not necessarily benign in
terms of their role in cell signaling and induction of cancer. Indeed, although the kinase
activity of the ErbB RTKSs plays a crucial function in cell signaling, there are other, equally
important roles performed by the ErbB kinases, which allow for participation in signaling
despite lack of catalytic activity. In our previous study of the HER3 kinase, we found that,
although HER3 exhibits relatively weak catalytic activity in comparison to the other ErbB
family members, it plays a key role in the development of drug resistance to certain kinase
inhibitors, due to its ability to synergize with other signaling processes in the cell and
amplify its weak signal. In the case of HER4, the kinase-dead HER4 somatic mutants retain
the ability to induce proliferative signaling, due to their ability to dimerize with other ErbB
RTKs. Indeed, the various activities of the ErbB kinases complement each other to produce
a holistically functioning signaling unit, compensating for any deficiencies in the individual
ErbB proteins. In tumor cells predisposed to uncontrolled signaling, this otherwise
advantageous evolutionary characteristic of the ErbB system can have deleterious
consequences, and must be considered when designing therapeutics targeted to the ErbB
family.
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Molecular Dynamics
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Figure 1.

(A) Schematic of ligand-mediated dimerization of extracellular and intracellular domains in
ErbB kinases. (B) Molecular model of the asymmetric dimer of the HER4 kinase domain.
(C) List of bonds formed or broken during the course of the TMD simulation of HER4/
ErbB4 activation. (D) Principal Component Analysis (PCA) of the HER4 dimer.
Superimposing several frames from the each PCA trajectory, we depict conformational
fluctuations along the first principal component. For clarity, only the key regions, namely,
A-loop, P-loop, C-loop, and aC helix of the receiver kinase are depicted. That is, we take
the principal component (which is a 3N dimensional vector) and only show its projection
relevant a sub-dimensional vector involving the alpha-C-helix, A-loop, P-loop, N-loop
atoms of the kinase undergoing activation. The structures are colored according to the
RMSD, where blue regions indicate small fluctuations and red regions indicate larger
fluctuations. The fluctuations are quantified according to the scale bar at the top.
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Figure 2.

Transition of the HER4 homodimer system during the TMD simulation. The RMSD is
plotted for (A) all backbone atoms of the receiver kinase, and (B) the backbone atoms of the
A-loop and aC helix, with respect to the active (target) structure (blue) and with respect to
the inactive (starting) structure (red). Results are shown for the simulation in which t=25ns
and k=20 kcal/mol/A2. (C) Bond distance for the E743-R841 salt bridge during the TMD
simulation. Top panel displays the bond distance in the inactive dimer (10ns MD control
simulation), in which the bond spontaneously breaks and forms during the course of the
simulation. Bottom panel displays the bond distance in the 25ns TMD simulation; at t=18ns,
the bond breaks. (D) Ramachandran plots for key residues during the 25ns TMD simulation:
(i) R841, (ii) L843, (iii) S749, and (iv) F872. Each data point marks a time point in the TMD
simulation; this way, any flipping of the dihedral angles can be detected.
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Figure 3.

Schematic of the HER4 signaling model, highlighting the two divergent pathways: PI3K/
AKT and JAK2/STAT5a. HER3 is used to illustrate the activation of the PI3BK/AKT
pathway, but other ErbB dimer combinations may also activate PI3K/AKT. Only HER4
homodimers can activate the JAK2/STAT5a pathway.
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Figure4.

(A) Time courses for key species in the WT HER4-JAK-STAT signaling model, including

Time (min)

phosphorylated HER4-JAK2 dimer (pHER4-JAK2-dimer), cytoplasmic STAT5 (STATCc),

phosphorylated nuclear STAT5a dimers (pStatn-pStatn), and cytoplasmic SOCS mRNA, in

response to stimulation with 5 nM NRG. (B) Time courses for key species in the mutant
HER4-JAK-STAT model, including phosphorylated HER4-2 dimers (pHER4-2),

phosphorylated HER4 homodimers (pHER4-4), doubly phosphorylated AKT (ppAKT,) and

phosphorylated nuclear STAT5a dimers.
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