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Abstract
Recent X-ray structural work on the Drosophila epidermal growth factor receptor (EFGR) has
suggested an asymmetric dimer that rationalizes binding affinity measurements that go back
decades (Alvarado et al., Cell 2010;142:568–579; Dawson et al., Structure 2007;15:942–954;
Lemmon et al., Embo J 1997;16:281–294; Mattoon et al., Proc Natl Acad Sci USA 2004;101:923–
928; Mayawala et al., Febs Lett 2005;579:3043–3047; Ozcan et al., Proc Natl Acad Sci USA
2006;103:5735–5740). This type of asymmetric structure has not been seen for the human EGF
receptor family and it may or may not be important for function in that realm. We hypothesize that
conformational changes in the Drosophila system have been optimized for the transition, whereas
the barrier for the same transition is much higher in the human forms. To address our hypothesis
we perform dynamic importance sampling (DIMS) (Perilla et al., J Comput Chem 2010;32:196–
209) for barrier crossing transitions in both Drosophila and human EFGRs. For each set of
transitions, we work from the hypothesis, based on results from the AdK system, that salt-bridge
pairs making and breaking connections are central to the conformational change. To evaluate the
effectiveness of the salt-bridges as drivers for the conformational change, we use the effective
transfer entropy based on stable state MD calculations (Kamberaj and Der Vaart, Biophys J
2009;97:1747–1755) to define a reduced subset of degrees of freedom that seem to be important
for driving the transition (Perilla and Woolf, J Chem Phys 2012;136:164101). Our results suggest
that salt-bridge making and breaking is not the dominant factor in driving the symmetric to
asymmetric transition, but that instead it is a result of more concerted and correlated functional
motions within a subset of the dimer structures. Furthermore, the analysis suggests that the set of
residues involved in the transitions from the Drosophila relative to the human forms differs and
that this difference in substate distributions relates to why the asymmetric form may be more
common to Drosophila than to the human forms. We close with a discussion about the residues
that may be changed in the human and the Drosophila forms to potentially shift the kinetics of the
symmetric to asymmetric transition.
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INTRODUCTION
The extracellular domain (ECD) of the epidermal growth factor (EGF) receptor binds ligand
and activates an intracellular kinase.1-5 While the full-length receptor has not been
determined to high resolution, the ECD has many structures that have been defined for the
human and the Drosophila. Recent X-ray work on Drosophila has discovered an asymmetric
dimer that has not been seen before.6,7 This dimer may rationalize the binding affinity
curves seen in the Drosophila system and may present a mechanism that is important for
other EGF receptors or one that is unique to the Drosophila system.8-14

The epidermal growth factor receptor (EGFR or ErbB or HER) is a major target for cancer
drug development.15-17 It is known that over-expression and mutations of hEGFR and
ErbB2/HER2/Neu are present in several human cancers.18-27 Treatments targeting hEGFR
include monoclonal antibodies and tyrosine kinases inhibitors.28-34 Multiple X-ray
structures provide some indications of the conformational changes that occur within the
ECD upon activation by a growth factor ligand.33,35-39 These X-ray structures suggest a
change both at the monomer level and at the dimer level. Yet the molecular details of how
the conformations change with activation are not fully understood.

There are four members of the EGFR family in humans (hEGFR 1-4), whilst there is only
one present in Drosophila melanogaster (dEGFR). However, the four hEGFR found in
human and the single one present in Drosophila have high sequence identity between them
and are structurally similar (Fig. 1). They all share similar structural features: an ECD, a
transmembrane domain, and a kinase domain found at the interior of the cell. The
extracellular portion of the human receptor consists of four domains (Fig. 2) in contrast with
the five present in Drosophila.

Of the four receptors present in humans, three (HER, HER3, and HER4) are known to form
homo-dimers. It is known that activation occurs by dimerization, induced by binding of EGF
to the extracellular portion of the receptor, and that it is mediated by a dimerization arm
present in domain II.38,40 However, the detailed mechanism by which the receptor dimerizes
is not clearly understood. Furthermore, as a monomer, receptor HER3 has been crystallized
in a tethered conformation that prevents exposure of the dimerization arm by a weak
interaction between domains I–IV, therefore, preventing the formation of the dimer (Fig.
2).36 HER4 has also been found, by X-ray, to be in a tethered conformation in the absence of
ligand.41 Studies have shown that removing of the contact, only modestly reduces the
affinity of the receptor for the ligand.36,42 Moreover, deleting domain IV does not cause
ligand-independent dimerization of the EGFR extracellular region. Thus, suggesting that the
hiding of the dimerization arm is not the only inhibitory mechanism.

The structures of two conformational states of the dimeric form of dEGFr have been
recently solved by X-ray crystallography: 3I2T6 and 3LTG (Fig. 3).7 Unligated dEGFr
crystallizes as a symmetric dimer, with two identical binding sites [symmetrical dimeric
conformation (Fig. 3)6]. Conversely, singly ligated sdEGFr dimers are asymmetric; binding
of SpitzEGFΔC to one of the monomeric units, separates domains I and III bending domain II
such that it collapses against its counterpart on the second monomeric unit (Fig. 3).7 Binding
of a second ligand has been shown not to disrupt the interactions between domains I–III;
moreover, the interface between the two monomeric units remains collapsed.

Unlike the other members of the hEGF family, HER2 is well known to form only
heterodimers with any of the other three receptors (in particular with HER3), suggesting that
it may function primarily as a coreceptor.43,44 It also has been suggested that interaction
between domains I–III stabilizes the receptor in a conformation resembling the active state
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of EGFR.45,46 There have been several hypothesis proposed as to why HER2 forms only
heterodimers including: steric clashes47 and unfavorable electrostatic interactions46 and
comparison to the Drosophila form.48 In this study, we analyze the possibility of an
asymmetric model, as in dEGFr, for the homodimer form of HER2 and how it compares to
the asymmetric form of both HER1 and dEGFr.

MODELS AND METHODS
Protein sequence and structure

Each of the sequences of HER1, and HER2 was aligned with the sequence of the dimeric
forms of dEFGr using ClustalW (Fig. 1).49 Four homology models were built in
Modeller9v750 based on the sequences of HER1 and HER2, using the structures of dEGFr
as templates. For notation, the models are named after the template structures (pdb accession
code) as: d-sym and d-asym, for the symmetric and assymetric states of drosophila,
respectively. The symmetric and asymmetric states of HER1 and HER2/Erbb are named h-
sym, h-asym, h2-sym, and h2-asym, respectively.

The models were solvated and ionized using VMD,51 minimized for 30,000 steps and then
equilibrated for 6 ns. The size of the simulations (in terms of the number of atoms) and
length of the production runs are summarized in Table I. All simulations were performed
over at NICS-Kraken and TACC-Lonestar, using NAMD2.7b352 in conjunction to the
CHARMM22 with CMAP corrections force field.53 Analysis was performed at NCSA-Abe/
Lincoln and TACC-Lonestar, using the transfer entropies formalism.54,55

Dynamic importance sampling (DIMS) simulations
In addition to the unbiased molecular dynamics simulations, we also investigated the
transitions between each pair of structures (namely, d-sym ↔ d-asym, h-sym ↔ h-asym,
and h2-sym ↔ h2-asym) using DIMS.56 We used the soft-ratcheting algorithm incorporated
in CHARMM56 with a rejection parameter set to 1.0×10−4, and used the entire structure for
the RMS alignment in all cases, the bias was applied only to the Cα carbons. The number of
trajectories generated going on each direction is summarized in Table I. An example of the
RMS changes along the trajectory using DIMS is presented in Figure 4. Note that the DIMS
transitions are different from the canonical MD used within the transfer entropy formalism.
The length of a DIMS transition is, on average, about 1 ns. These relatively short
simulations are used to explore the barrier crossing times, times that are known to be much
shorter than the kinetics of the transition itself that are dominated by the dwell times within
the states. Therefore, the DIMS ensemble is, on average, equivalent to 200 ns, however,
given the nature of the method this timescale cannot be directly compared to canonical MD
simulations.56,57 We prepared a special version of DIMS to run on hybrid (OpenMP/MPI)
high performance computing environments, all simulations were performed in TACC-
Lonestar.

ANALYSIS
Principal component analysis

For a molecular dynamics (MD) trajectory  of a
protein with N atoms, the correlation matrix σ can be built as follows:

(1)

where the brackets (〈…〉) denote time averages. The orthonormal basis vectors [principal

components (PC)]  are determined by the eigenvalue problem . The lowest
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frequency modes from principal component analysis (PCA) are normally associated with
slow motions and have been extensively used to predict intermediate states. For a given
mode α, the involvement coefficients (ICs) are defined as:

(2)

where  are the set of normalized coordinates  for the active-state and
inactive-state conformations, respectively. Therefore, the ICs measure the amount of overlap
between a PC and the direction defined by the displacement vector between structures. Since
ηα is an orthonormal base, we can define the cumulative IC μα of the first α PCs as:

(3)

and measure how much of the overall difference is accounted for the first α modes.

Information flow analysis
For a residue j ≠ i with a center of mass Y, and probability distribution p(Y); one could say
that its trajectory is independent of that of residue i if

(4)

where p(yn+1|yn) is the conditional probability to find residue j at state yn+1 given the past
yn, … , y1, and p(yn+1|yn, xn) is the conditional probability to find residue j at state yn+1
given the past of both i and j. In the case, where there is not a flux of information from X to
Y then Eq. (4) is correct. Conversely, and in the event that there is flux of information in any
direction, the divergence from correctness of Eq. (4) can be quantified by the Kullback–
Leibler entropy58 hence defining the transfer entropy:54,55,59

(5)

The transfer entropy between i and j is minimum and equals to zero when the two residues
are independent and is maximum and equals to the entropy rate:

(6)

when the residues are completely coupled. To minimize artifacts within the time series, we
use the normalized effective transfer entropy given by:60,61

(7)

where the second term is the average transfer entropy from Ntrials surrogated samples of X to
Y. The total flux between two residues X and Y, can be calculated by the equation,

(8)
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Residues are then selected according to the following rules: i is selected if DX→Y > 0.
residue j is selected if DX→Y < 0, and if DX→Y = 0 then no residue is selected. The set of
most dominant residues Γ is then defined as the set of residues that follow the rules above
and also that are above a fixed cutoff |DX→Y| ≥ Dcutoff.

Network analysis of residues
The network of interactions between residues can be mapped into a graph where each node i
is a residue, and every pairwise interaction between residues i and j is an edge Ei,j with a
weight given by Di→j. Nodes can then be classified as broadcasters and receivers of
information. Since in our analysis every node is connected, the total flux of information for a
node i can be computed by,

(9)

It is also possible to compute the average flux  of information for the whole
system as well as the standard deviation σ. In particular, for our analysis we propose the
modes to be classified in five categories:

Salt-bridges analysis
As seen in previous studies,57 salt-bridges can play a pivotal role in transitions of certain
proteins. They can stabilize ligands within active states as well as intermediate states. Here,
we tracked a range of possible salt bridges along the transition through domain ΔRMS space;
we focused on salt bridges that would form or break during a transition. For that we
computed the score S along a transition, defined by:

(10)

where d0 is the initial distance of the salt-bridge pair at the beginning of the transition.
Therefore, the salt-bridge pairs that break or form will have the higher scores among all
possible pairs. Results are computed along the ΔRMS parameter, defined as:

(11)

RESULTS
Previous models of HER2 homo-dimers47 have focused on the dimeric structure of hEGFr38

which lacks the asymmetry present in the homo-dimer state of dEGFr. Our models were
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based on the recently released structures for the unbound symmetric, and singly ligated
asymmetric dimeric forms of dEGFr.6,7

Symmetric states
Salt-bridge analysis—Sequence analysis of the EGF family highlights a large number of
conserved charged residues (Fig. 5). As mentioned in Introduction, a set of interactions,
analogous to those present in dEGFr, between domains I–III play a key role in maintaining
HER2 in its active-like state, these interactions are present in the symmetric model of HER2
(h2-sym), and analogous interactions are also present in our model of HER1 (h-sym). In this
section, we present the results from the trajectories going from the symmetric model towards
the asymmetric model for the three members of the EGF family: 3i2t → 3ltg, h-sym → h-
asym, and h2-sym to h2-asym.

Transitions for dEGFr (shown in Figure 6) are characterized by the breaking of the Glu453-
Lys1 salt-bridge in the interface of domains I–III of the unit that collapses (right), and the
formation of the salt-bridges Glu400-Lys7 and Asp25-Lys455 in the same interface in the
unit that is collapsed (left). Transitions for HER1 dramatically differs as no new bridges are
formed and only a breaking of the salt-bridge Glu318-Lys11 is present on the left subunit. In
a similar way, transitions for HER2 are only characterized by the breaking of the salt-bridge
Glu318-Lys11 on the left subunit.

This picture is complemented by the salt bridges with the most change along the transition
[score S, see Eq. (10)]. In the three models, it can be observed (see Fig. 7) how salt-bridges
in the domains I–III interface and the interface between left II-right II are among the 20% of
all possible salt bridges that are modified along the transitions.

Information flow—The total flux of information was calculated from canonical MD
simulations using the transfer entropies framework54,55 and Eq. (9). Residues were
classified according to the rules introduced in Network analysis of residues section. The
results are presented visually in Figure 8. For dEGFr, all leaders seem to be concentrated on
the domains II and IV of both left and right monomeric subunits, whereas the followers are
mostly localized in the buried regions of domain I of both subunits. In the case of HER1,
leader residues are located on the exposed regions of domain I (left and right) and followers
are located only on the left subunit near the interface between domains I and II. Analysis, on
HER2 shows that all leader residues are located in the exposed regions of domains I (left
and right), whereas followers are located in the interface between domains I and III. Taking
into account, the fact that the leader residues act as broadcasters of information, and the
followers as receivers in our network analysis. Although, initially it might appear there is
little correlation between the localization of the leaders and followers for the three models.
The fact that there is a well defined flux of information going from the water exposed parts
of domain I towards different domain interfaces, suggests that any change on the
surroundings of any of the receptors (as, for example, by the presence of EGF) is effectively
affecting the interdomain interactions of the receptors thus triggering conformational
changes.

PCA analysis—The ICs quantifies the amount of overlap between a PC and a probe
direction. The cumulative ICs quantifies the percentage of the conformational difference
accounted by a subset of low-indexed PCs [Eq. (3)]. For each stable state, we computed the
full set of PCs and calculated the cumulative ICs as presented in Table II.

The degree of overlap between the modes of the symmetric forms of HER1, HER2, and
dEGF, and their asymmetric counterparts suggest that each state would be accessible to the
system just by following a set of low-indexed PCs. We also computed the cumulative IC for
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HER1 going to the crystallized double bound dimeric form; results are similar to the ones
obtained by using the asymmetric form as the direction probe, suggesting that from the
unbound ligand dimeric form perspective either conformational can be reach by following a
small subset of PCs.

Asymmetric state
Salt-bridge analysis—Results from the analysis performed on the models based on the
singly ligated asymmetric dimeric forms of dEGFr,6,7 contrast to those from its symmetrical
counterpart. In this section, we present the results from the trajectories going from the
asymmetric model towards the symmetric model for the three members of the EGF family:
3ltg → 3i2t, h-asym → h-sym, and h2-asym to h2-sym.

The pattern of salt-bridges going from the asymmetric form towards the unbound symmetric
model provides an interesting landscape of the interactions stabilizing both of the structures.
These results can be seen in Figure 9. Interactions between domains I–III in dEGFr are
characterized by the rapid breaking of ASP25-LYS455, and the formation of residues
GLU451-LYS1 on the left subunit. On the right subunit of dEGFr the breaking, in sequence,
of the three salt-bridges GLU931-LYS538 → GLU984-LYS532 → ASP556-LYS986
characterize the transition, reappearing with lower probability at the end of the transitions.
The HER1 transitions is marked by the appearance of the highly populated bridge ASP434-
ARG27, in the intermediate states along the transition on the left subunit. The right subunit
of HER1 presents the formation of the bridge GLU828-LYS521 at the end of the transition,
near the symmetric form of HER1. Transitions of HER2 show the breaking of the bridge
ASP8-ARG329 on the left subunit, and the forming of three bridges on the right subunit:
GLU875-LYS559, GLU906-ARG561, and GLU636-ARG881.

Observing the interactions between charged residues along the transitions provides valuable
information regarding the transition states. By observing the set of residues that vary the
most along a set of pathways we are able to identify possible residues that are key to
stabilizing intermediate states as well as the stable states. The amount of change along the
transitions for each salt-bridge pair was quantified by the score S [Eq. (10)]. These residues
are highlighted in Figure 10. In the three models, it can be seen how these residues lie in the
interface areas between several different domains. In the case of dEGFr interactions between
domains I–III for both the left and right subunits seem to be key to the transition, similar to
interaction between domains L-II and R-II (Fig. 10). Interactions for the models of HER1
and HER2 are less pronounced in those regions, and interactions between domains I–II of
both subunits appear to play a more important role.

Information flow—Similar to the symmetric form, we performed a network analysis over
the transfer entropies obtained from MD simulations.54,55 Residues were classified
according to the rules introduced in Network analysis of residues section. For dEGFr, all
leaders were located on the right subunit while the followers were predominantly on the left
subunit, in all cases the residues were mostly buried in the protein. The followers in the
HER1 are symmetrical distributed among the monomeric units. Most of them appear in the
interface between domains I–III of the right subunit, and the interface of domains III and IV.
The followers are found in the interface between domains I–III and domains II–III on the
right subunit. In contrast, HER2 results show that the leaders are located in the interface
region between domains I–II and domains I–III on the right subunit, and the interface
between domains II–II of both monomeric units. Residues involved in the network flow for
HEr2 are buried in the protein, and the network is asymmetrical (Fig. 11).

In all three cases of the information flow analysis interactions in the interface between
domains I–III on the right subunit, were found as followers, similar to the results from the
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symmetric form. However, unlike the symmetric form, most leaders were not scattered over
the exposed regions of the protein, but located in several different interdomain interfaces or
buried within the protein.

PCA analysis—The cumulative ICs were calculated for the asymmetric models of HER1,
HER2, and dEGF (Table III). Similar to the results summarized in Table II, our results show
that going from the asymmetric form towards the unbound symmetric form is possible just
by following a small number of modes; however, the number of modes required is doubled
to achieve an overlap comparable to the ones seen in three. In the case of HER1, we used the
crystallized double bound dimeric symmetric form 3njp62 as a probe direction, the results
show similar results to those presented for the symmetric form.

DISCUSSION
Binding affinity measurements for the EGF receptor have not been consistent with the X-ray
structures for many years. The recent discovery, in Drosophila, of an asymmetric dimer, has
suggested a structural resolution of the binding curves. An immediate question, one that we
have addressed in this article, is whether this asymmetric structure is also important for
binding in the human counterpart.

Calculations for the stable states and transitions between the stable states have provided
some initial answers. The transitions used the DIMS algorithm and provides a set of
independent trajectories that link the starting and the ending states. In parallel, and
independently of the DIMS transitions, we have analyzed the stable states using the transfer
entropy formalism over unbiased molecular dynamics simulations.54,55

An intriguing finding, one that will need more calculations and experimental work to
followup, is that salt-bridge pairs are not the dominant drivers of conformational change.
This can be tested with experimental mutations as well as with more computational work
that explores the changes in transitions with mutations to salt-bridge pairs. In addition, our
transfer entropy analysis, suggests that correlated motions within sets of buried residues is
important for initiating and driving the conformational changes. This in turn suggests that
mutations can be made that will stabilize one conformation over another at either side of the
pathway. Thus, we can imagine engineering change that stabilizes an asymmetric dimer
within the human EGFR.

This set of simulations can be compared with the only other simulations of the EGFR dimer
that has been published to date.63 In this work, with two ligand bound dimers, symmetry
breaking changes were observed as fluctuations from the X-ray structures. The calculations
were on much larger systems than ours (more than 500,000 atoms). The authors mainly
concluded that dimer contacts were important and that the disordered domain IV may help
to stabilize the dimers. They did not discuss the differences between Drosophila dimers,
asymmetric forms, and the possible role of salt bridges and amino acids in the transitions
between the symmetric and asymmetric conformations. Thus, our calculations are
significant in rationalizing the possible mechanisms of conformational change from the
symmetric state.

CONCLUSIONS
This study addresses an intriguing question in the function of EGF receptors. That is, does
the asymmetric dimer observed for Drosophila exist only in that one receptor system or is it
a more common element for human as well? Our computations suggest some insights into
the nature of the changes in moving from a symmetric to an asymmetric conformation. First,
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we find that there is a population of about 20% of all salt bridges that is modified during the
transitions of all simulations. It is interesting to note that this population differs between the
Drosophila and the human forms. Second, our effective transfer entropy calculations have
shown that the main order parameters driving the transitions are not directly the salt-bridges,
but that more involved concerted motions of the whole system is needed for the transitions
to happen. This is important, since it implies that the salt-bridge changes are more a cause of
the transition, rather than the controlling factors in the transition. Our final point concerns
the nature of the changes between the Drosophila and the human forms of the receptors.
This last point suggests that further computations addressing the differences in the systems
could address the free energy surfaces directly and that simulations of the mutations seen as
driving the changes could be performed. The computations suggest that the barrier to
transitions, as seen in changes in barrier crossing times, is much higher in humans than in
Drosophila and that the reason has to do with a shift in the reduced descriptors for the
transition seen in the effective transfer entropy.
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Figure 1.
Sequence alignment for the receptors: HER1, HER2 and dEGFr.
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Figure 2.
Epidermal growth factor receptor, as a monomer. (a) Extended state and (b) Tethered state.
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Figure 3.
Epidermal growth factor receptor, as a dimer. (a) Symmetric form state and (b) Asymmetric
form state. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4.
ΔRMSD as a function of time, for transitions between the symmetric and asymmetric form
of the Drosophila EGF receptor. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5.
Sequence alignment highlighting the charged regions of EGF. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6.
Salt-bridges probability density along the symmetric transitions. Domains I–IV represent the
left domain, domains V–VIII represent the domains on the right. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7.
Salt-bridges that change the most along the symmetric transitions. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8.
Network analysis of the information flow for different models of EGFr. Residues are
classified according to their role as leaders/dominant or followers. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9.
Salt-bridges probability density along the asymmetric transitions. Domains I–IV represent
the left domain, domains V–VIII represent the domains on the right. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10.
Salt-bridges that change the most along the asymmetric transitions. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 11.
Network analysis of the information flow for different models for the asymmetric dimeric
form of EGFr. Residues are classified according to their role as leaders/dominant or
followers. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Table I

Simulation Details for the Different Models of EGF

System
MD
(ns)

Sim. size
(atoms)

No. of DIMS
transitions Computing resource

d-sym 20 138,000 201 TACC-Lonestar

d-asym 20 115,000 202 TACC-Lonestar

h-sym 36 123,000 198 NICS-Kraken/TACC-Lonestar

h-asym 36 137,000 200 NICS-Kraken/TACC-Lonestar

h2-sym 34 142,000 201 NICS-Kraken/TACC-Lonestar

h2-asym 34 149,000 204 NICS-Kraken/TACC-Lonestar
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Table II

Cumulative Involvement Coefficients for Different Models of the Symmetric Form of EGFr

System Probe direction μ20 (%) μ50 (%)

d-sym d-asym 60 71

h-sym d-asym 62 76

h-sym 3njp 72 0.80

h2-sym h2-asym 54 0.67
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Table III

Cumulative Involvement Coefficients for Different Models of the Asymmetric Form of EGFr

System Probe direction μ20 (%) μ50 (%)

d-asym d-sym 47 66

h-asym d-sym 45 68

h-asym 3njp 48 62

h2-asym h2-sym 54 65
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