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Abstract

Eph-ephrin interactions control the signal transduction between cells and play an important role in

carcinogenesis and other diseases. The interactions between Eph receptors and ephrins of the same

subclass are promiscuous; there are cross-interactions between some subclasses, but not all. To

understand how Eph-ephrin interactions can be both promiscuous and specific, we investigated

sixteen energy landscapes of four Eph receptors (A2, A4, B2, and B4) interacting with four ephrin

ligands (A1, A2, A5, and B2). We generated conformational ensembles and recognition energy

landscapes starting from separated Eph and ephrin molecules and proceeding up to the formation

of Eph-ephrin complexes. Analysis of the Eph-Ephrin recognition trajectories and the co-evolution

entropy of 400 ligand binding domains of Eph receptor and 241 ephrin ligands identified

conserved residues during the recognition process. Our study correctly predicted the promiscuity

and specificity of the interactions and provided insights into their recognition. The dynamic

conformational changes during Eph-ephrin recognition can be described by progressive

conformational selection and population shift events, with two dynamic salt bridges between

EphB4 and Ephrin-B2 contributing to the specific recognition. EphA3 cancer-related mutations

lowered the binding energies. The specificity is not only controlled by the final stage of the

interaction across the protein-protein interface, but also has large contributions from binding

kinetics with the help of dynamic intermediates along the pathway from the separated Eph and

ephrin to the Eph-ephrin complex.

© 2014 Elsevier B.V. All rights reserved.
*To whom correspondence should be addressed; Qiang Huang, huangqiang@fudan.edu.cn; Buyong Ma, mabuyong@mail.nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2015 October 01.

Published in final edited form as:
Biochim Biophys Acta. 2014 October ; 1844(10): 1729–1740. doi:10.1016/j.bbapap.2014.07.002.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

Eph receptor tyrosine kinase; conformational selection; induced fit; protein-protein interaction;
energy landscape; conformational dynamics

1. Introduction

Three theories were proposed to explain protein-ligand interactions. The ‘lock and key’

mechanism assumes that the protein is rigid and that to form a functional complex the

binding site should be an exact match of the ligand. The ‘induced fit’ hypothesis argues that

the fact that protein complexes often have different conformations from those of their

unbound protein constituents suggests that the bound conformation is ‘induced’ by the

binding partner. ‘ Induced fit’ assumes that the protein is flexible around the binding site.

However, proteins are dynamic molecules and both binding partners are flexible and exist in

conformational distributions. The ‘conformational selection and population shift’

mechanism [1–8] suggests that a ligand selects its most favored preexisting receptor protein

conformation, and that binding shifts equilibrium of the conformational ensemble of the

receptor toward this favored state. The conformational selection and population shift theory

provides not only an explanation of protein recognition, but also a general framework for

cellular communication [9], particularly when extended and complemented by induced fit to

optimize the interaction [10]. Protein conformational dynamics can encode functional

regulation which a static description of molecular structure is unable to do [11]. Intrinsically

disordered protein regions which may allow certain functional promiscuity are at the

extreme end of the dynamic spectrum [12]. Elucidation of the detailed mechanisms of how

conformational energy landscapes can shape dynamic recognition can help in understanding

these processes at the molecular level.

Eph (Erythropoietin-producing hepatoma) tyrosine kinase cell surface receptors comprise a

large group of receptor tyrosine kinases [13]. These receptors and their ephrin ligands form

signaling hubs, orchestrating signal transduction within interacting cells to regulate cell

proliferation, differentiation, migration and adhesion [14–16]. The roles of Eph/ephrin have

been well characterized in embryogenesis [17–19] and carcinogenesis [20–24], and it is

clear that Eph/ephrin signaling can play an important role in the development of novel

inhibition strategies [15, 24–26]. Eph-Ephrin interactions also regulate the proliferation of

stem and progenitor cells [22]. Eph receptors can have a dual role in both tumor promotion

and tumor suppression [27]. Mutations and overexpression of Eph receptor and ephrin can

result in tumor growth, invasiveness and metastasis in many human cancers [22, 25, 27–29].

Sixty-one percent of glioblastomas, 76% of ovarian cancers, and 85% of prostate cancers

overexpress EphA2, and EphB4 is also upregulated [30]. EphA3 is one of the most

frequently mutated proteins in lung cancer. Many point mutations were observed in EphA3

receptor, but the oncogenic potential remains unknown [31]. Eph receptors and their ephrin

ligands are also important players in chronic inflammatory diseases and immune function

[32]. Viruses can make use of ephrin in evasion of host innate immune responses [33].

Functional recognition of Eph receptors by their ephrin ligands is important to control these

complex biological processes.
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10 EphA and 6 EphB receptors have been observed to interact with 6 ephrin-A and 3 ephrin-

B ligands, respectively. The interactions between the Eph receptors and ephrin ligands of the

same subclass are promiscuous but cross-binding between subclasses is less observed,

except for three receptors, EphA3 can bind ephrin-B2, EphB2 can bind ephrin-A5 and

EphA4 interacts with all 9 ephrin ligands. Depending on the environment and ligand types,

these interactions can lead to different biological functions. The structures of Eph and ephrin

are given in Figure 1. Based on loop conformations near the binding site, Eph ligand-

binding domain (LBD) structures can be classified into open and closed states. In the apo

state, the Eph receptor binding pocket is closed. A conformational change opening the

binding site allows ephrin binding.

These considerations underscore the importance of delineating the conformational changes

during Eph-ephrins recognition. The combinational interactions between Eph receptors and

ephrins raise the question of how promiscuity and specificity are regulated. Eph-ephrins

provide a good system for exploring the mechanisms of protein recognition processes with

different free energy landscapes. Here we focused on three aspects of Eph-ephrins

recognition. First, we investigated the energy landscape of the recognition pathways. The

pathways start from the separated Eph and ephrin molecules and proceed up to the formation

of the Eph-ephrin complexes. Second, we identified the contact residues responsible for the

promiscuous and specific Eph-ephrin recognition at various stages of the recognition

pathways. Finally, we studied the evolution entropies of residues involved in specific and

non-specific Eph-ephrin recognition. We correctly predicted the promiscuity and specificity

of the interaction among the four Eph receptors and four ephrins and provide insights into

their recognition. We found that Eph-ephrin recognition can be characterized by progressive

conformational selection and population shift [34]. The specificity is not only controlled by

the final interaction across the protein-protein interface, but also contributed by dynamic

intermediate conformations along the pathways from the separated Eph and ephrin

molecules to the Eph-ephrin complex. We observed two dynamic salt bridges between

EphB4 and Ephrin-B2 that may contribute to the specific recognition.

2. Materials and Methods

The simulations had three steps. (1) Generation of conformational ensembles to describe the

Eph-ephrin recognition. The ensembles were generated by simulating the recognition

processes, bringing the separated Eph and ephrin proteins to the final bound state using

Structure-Based Models (SBMs). (2) Interaction energy evaluation to characterize the

energy landscape of Eph-ephrin recognition. (3) Structure and sequence analysis of

recognition residues.

2.1 Dataset

Seven crystal structures of Eph-ephrin complexes (PDB codes: 3HEI, 3MX0, 2WO2,

2WO3, 1SHW, 1KGY, and 2HLE) and one unbound EphA4 structure (PDB code: 2WO1)

were downloaded from the PDB website. The structures of the EphA3 wild-type and three

point mutants (T37K, S46F, and N85S) in the ligand-binding domain were constructed by

homology modeling based on EphA2 in the EphA2 ephrin-A1 complex (PDB codes: 3HEI)
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as template. We split each complex crystal structure into two individual structures for the

corresponding Eph receptor and ephrin (Figure 1B). Based on the available crystal

structures, sixteen Eph-ephrin complexes were chosen (Table 1). Of them, seven complex

structures have already been included in the downloaded set, as indicated by the PDB codes

in Table 1. The structures for the other nine complexes were constructed by replacing the

Eph and ephrin structures based on structural alignment of the known Eph-ephrin complex.

For example, the structure for the EphA4 ephrin-A1 complex was generated using the

individual EphA4 structure extracted from 2WO3 and the ephrin-A1 structure from 3HEI,

by aligning the ephrin-A1 structure with respect to the ephrin-A2 in 2WO3. The structures

of the wild-type and three point mutants of EphA3-ephrins complexes were constructed

based on the EphA4 ephrin-A1 complex, by aligning the EphA3 structure with respect to

EphA2 structure in EphA2 ephrins (A1, A2, A5, and B2) complexes.

2.2 MD simulation with structure-based models

In the creation of GROMACS topology files, the web server (http://smog-server.org/) uses

previously published and validated structure-based Hamiltonians for all-atom models. We

simulated four kinds of complex recognition trajectories. In the first, the initial and terminal

states were the separated (using VMD software) crystal structures. In the second,

constructed complexes were used in the same manner. The conformations of Eph both in the

initial and terminal states were open in these two cases. We also simulated recognition

trajectories from separated complexes replacing open Eph receptor conformations by closed

terminal states. In the third type, complexes were used as terminal states, with the initial

states being the separated complexes and the Eph receptors replaced by their closed

conformations. Simulations of recognition trajectories of complexes whose Eph receptor

was built by homology modeling were carried out. The Eph receptor conformations were

open in the initial and terminal states.

The SBM model was implemented using Langevin MD simulations in GROMACS.

Simulations were performed at reference temperature T=50. The MD simulations with total

time of 0.5 ns were performed to ensure that each complex be formed from separated

conformation. Simulation time steps of 0.0001 and 0.0005 ps were used and coordinates

were saved every 1000 steps. To ensure as high a quality as possible given the differences

between the structure-based models and other commonly used models [35], the temperature

and time step used in the structure-based models are in reduced units, smaller than many

other MD simulations. Many proteins fold around T=100–120 in the structure-based models.

2.3 Energy landscape analysis

The energy landscape of the conformational change of a protein or complex can be obtained

by an appropriate conformational sampling method. Conformations generated by SBM

simulations were used for energy analysis in this study. In order to get a more accurate

characterization of the energy landscape, we recalculated the interaction energies between

the Eph and ephrin molecules using the MM-GBSA in the Amber software. MM-GBSA

methods calculate binding free energies for macromolecules by combining molecular

mechanics calculations and continuum solvation models. In MM/GBSA, the binding free
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energy (Δ Gbind) between a ligand (L) and a rector (R) to form a complex RL is calculated as

[36]:

Before calculating binding energies, conformations extracted from the simulated trajectories

were energy optimized for 100 steps using SANDER from the Amber software. Then, we

collected the binding energies of all conformations for each simulation and drew the energy

landscapes.

The "complexes" without structural evidence and have repulsive energy could be artificial,

and there is no real binding process for their formations. However, in our computational

study, we probe their formations in silica to show the different between energetically

favored recognition and disallowed binding. The study of the disallowed “binding process”

reveals how Eph receptors selectively avoid binding with these ligands.

2.4 Co-evolution and entropt analysis of protein sequence

The Observed Minus Expected Squared (OMES), Mutual Information (MI), and Statistical

Coupling Analysis (SCA) covariance algorithms were used to find the conserved residues of

Eph receptors and ephrins [37]. Protein families of the Eph receptor ligand-binding domain

(accession: PF01404) and ephrin ligand (accession: PF00812) were downloaded from the

Pfam database. We obtained a dataset that includes 400 homologous sequences of the Eph

receptor ligand-binding domain family and 241 sequences for ephrin ligands. The sequences

of each family were aligned using ClustalW. The scores were calculated by the OMES, MI,

SCA algorithms for every residue in the proteins, and residues in the top sixteen percent of

the scores were defined as conserved.

The protein sequence entropy analysis was performed as described by Fuchs et al. [38] and

Shen et al. [39]. The entropy of each residue in the homologous families of the Eph receptor

ligand binding domain and eprhin ligand used in co-evolution analysis was calculated. It is

defined as

The scores derived from the entropy analysis were divided into four cataogories: highly

specific residues with entropy of 0.5 and less, specific residues with entropy of 0.5 < Si ≤

1.0, variable residues with entropy of 1.0 < Si ≤ 2.0, and non-specific residues with entropy

larger than 2.0.

Results

3.1 Eph-ephrin recognition trajectories in the SBM simulations

Structure-based models (SBMs) are simplified models of biomolecular dynamics that arise

from funneled energy landscapes [40]. They were developed to study long-time scale
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molecular dynamics simulations. The simplest varieties of SBM are coarse-grained, where

each residue is represented by a single bead and only the interactions present in the native

state are attractive [41]. Here we use an all-atom SBM, which allows a more explicit

connection with experimental observables. SBMs were used to understand the interplay

between side-chain and backbone dynamics during folding of proteins and RNAs and

protein-protein recognition [35, 40, 42]. We used the all-atom SBMs to simulate

conformational changes from the initial unbound state to the terminal bound state. In the

terminal bound state, contacts are defined between native atom pairs. Using the final bound

state as reference, we examined the root mean square deviation (RMSD) values of the

conformational ensembles in the trajectory. The recognition processes observed during the

simulation are progressive with initial small changes of RMSD, large drop of RMSD, and

final RMSD fluctuations.

As can be seen in Figure 2 and Sup-Figure 1, the RMSDs for the initial unbound states for

sixteen Eph-ephrin complexes (Table 1) are more than 0.6 nm. In some complexes, at the

beginning of the simulation the RMSD values increase during the simulation, e.g., those of

EphB4 ephrin-A5, EphA2 ephrin-A5, EphA4 ephrin-A5 in Figure 2. This suggests that as

expected, during the recognition process interface residues between the two proteins adjust

their positions. As indicated by the RMSD vs time plots, the RMSDs for all simulated Eph-

ephrin pairs decrease to small values around 0.1 nm, indicating that they reach the bound

states with conformations similar to those in the crystal structures.

Grouping the RMSD trajectories, we observed three recognition processes. The majority of

the complexes can reach near-bound states with small RMSD regions within 100 ps. This

group represents Eph-ephrin complexes with fast recognition. EphB2 ephrin-A5 has

intermediate recognition kinetics, reaching the bound state at around 150 ps. EphA2 ephrin-

A2, EphB2 ephrin-A2, EphB4 ephrin-A1 and EphB4 ephrin-A5 pairs undergo large

conformational changes and thus are slow to reach the final bound states. Note that EphB2

ephrin-A2, EphB4 ephrin-A1 and EphB4 ephrin-A5 are disallowed binding pairs.

After reaching the bound states, there are still fluctuations in the RMSD values (Figure 2),

suggesting that the two proteins continuously adjust their positions for optimal interactions.

However, no significant difference was found between the crystal structures and the

modeled complexes. Both kinds of complexes could have either large or small RMSD

fluctuations in the final bound states.

3.2 Energy landscapes of Eph-ephrin recognition from open conformations

To characterize the energy landscape in Eph-ephrin recognition, we calculated the

interaction energies between the Eph receptors and the ephrin ligands. The energy-RMSD

plots are displayed in Figure 3 and the binding energy (average binding energy of

conformations derived from last 100 frames) for the recognition of 16 Eph-ephrin pairs are

listed in Table 1. Starting from initial separated states to the recognized complex states,

steps of energy changes of varying extents were observed (Figure 3). Depending on the

combinations among the Eph receptors and ephrin ligands, the energy changes can be

attractive (energy drop) or repulsive (energy rise) at different recognition times.
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As can be seen in Figure 3A, the energy landscapes of EphA2 interacting with ephrin-A1,

ephrin-A2 and ephrin-A5 are attractive funnel-like, while that of EphA2 ephrin-B2 is

strongly repulsive. The EphA2 ephrin-A2 complex was based on homology modeling,

suggesting its potential strong interaction. Even though there is no direct information about

whether EphA2 ephrin-A2 is a specific interacting pair [43], recent report suggested their

specific interactions in bone-resorbing osteoclasts and bone-forming osteoblasts. For

example, it has been shown that bidirectional signaling through EphA2 ephrin-A2 enhances

osteoclastogenesis and suppresses osteoblastogenesis [44, 45].

The EphA4 receptor could recognize both A-class and B-class ephrin ligands. EphA4

interactions show that EphA4 ephrin-A1, EphA4 ephrin-A2, and EphA4 ephrin-B2 have

attractive energy landscape. In the bound states, the binding free energies of EphA4 to

various ephrin ligands (EphA4 ephrin-A1, EphA4 ephrin-A2, and EphA4 ephrin-B2) are

attractive, except for the binding free energy to ephrin-A5 (Figure 3B). The EphA4 ephrin-

A5 complex was initially modeled based on homology. Recently, a crystal structure of

EphA4 ephrin-A5 complex was published [46] (PDB code 4BKA). Using the newly

available crystal structure of EphA4 ephrin-A5 complex, we obtained similar results (Sup-

Figure 2). While EphA4 ephrin-A5 presents a repulsive energy landscape, the energies in the

final stage indicate that there are attractive conformers.

Similarly, EphB2 also binds both ephrin-A and ephrin-B (Figure 3C). It has funnel-like

interactions with ephrin-A5 and ephrin-B2. In contrast, two EphAs specific to ephrin-A1

and A2 do not have favorable interactions with EphB2 and the EphB2 ephrin-A1 energy

landscape is strongly repulsive. EphB4 only binds to class B ephrin ligands. The crystal

structure of EphB4 ephrin-B2 complex is available [47] and there are indications that EphB4

may also interact with ephrin-B1 [43, 45, 48, 49]. Consistently, the energy landscapes of

EphB4 ligand interactions reveal attractive interactions with ephrin-B2 and repulsive

interactions with ephrin-A1, ephrin-A2, and ephrin-A5 (Figure 3D). Therefore, the EphB4

energy landscape indicates that the specificity of EphB4 is not only controlled by the final

interaction across the protein-protein interface, but also contributed by dynamic intermediate

stages along the pathway from the separated Eph and ephrin to the Eph-ephrin complex.

Detailed analysis of EphB4 interactions from structural dynamics is provided in later

sections.

Essentially, the obtained energy landscapes reflect the binding tendencies between ephrins

and their receptors, consistent with the promiscuity and specificity of their interactions. Of

these, the Eph receptors of 10 Eph-ephrin pairs could recognize the corresponding ephrin

ligands, but those of other 6 pairs could not (Table 1). Among the six energetically non-

favored pairs, three (EphB4 ephrin-A2, EphB2 ephrin-A2, and EphB4 ephrin-A5) display a

large time to reach at 0.1 nm RMSD in the MD simulations (Figure 2B), indicating the

coupling of energetic and dynamical control of Eph ephrin recognition processes.

3.3 Energy landscapes of Eph-ephrin recognition from closed conformations

We have investigated the Eph-ephrin recognition assuming that the initial Eph receptor

states are in open conformations, which allows fast conformational selection events with the

incoming ephrin ligands. This can be seen from the trajectory of the EphA4 ephrin-A2
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interaction, which has an attractive funnel-like energy landscape with a sharp energy drop

around RMSD = 0.4 nm (Figure 4A). However, for the closed EphA4 conformation, gradual

conformational adjustments and energy changes are observed during the recognition process

(Figures 4A, 4B and 4C), indicating a progressive conformational selection process.

Opening up the closed EphA4 conformation (PDB code: 2WO1) to allow initial EphA4

ephrin-A2 recognition before the RMSDcomplex reaches 0.4 nm, encounters an energy

barrier (Figure 4A). Prior to reaching the energy barrier, the EphA4 conformational change

has increasing RMSDclosed with respect to the closed conformation (red arrow, Figure 4B).

However, the conformer in the energy barrier does not get closer to the final bound

conformation (red arrow, Fig 4C), since the RMSDopen with respect to the final open

conformation does not decrease. After passing the barrier, the conformations of EphA4 get

closer and closer to the final bound open conformer (red arrow, Figure 4C) toward reaching

the final recognition with ephrin-A2.

Interestingly, the same EphA4 receptor uses a different mechanism to interact with ephrin-

B2 (Figures 4D, 4E and 4F). While formation of the EphA4 ephrin-B2 interaction also needs

to overcome a barrier (red arrows, Fig 4E and 4F) as in the case of the EphA4 ephrin-A2

interaction, the EphA4 conformation on the barrier reached a state which has a small

RMSDopen and is very similar to the final bound open conformation (Figure 4F). Figure 4A

and 4D provided insights to understand the specific and promiscuous binding as the pattern

of binding energy regarding distance varies depending on type of ligand. While specific

recognition within the same class can have either progressive conformational selection or a

direct conformational selection with sharp energy drop (as EphA4 ephrin-A2 in Figure 4A

and EphB4 eprhin-B2 in Figure 3D), the promiscuous binding need go through progressive

conformational selections to reach final recognized state.

When the EphA4 receptor starts the recognition process from the closed conformation, the

complex will form as long as EphA4 receptor opens only sufficiently to allow the ligand

binding. It seems that complete opening is not a prerequisite for the formation of the final

complex. However, when starting from the open EphA4 conformation, the recognition

process has a lower energy barrier than when starting from closed conformation. A new x-

ray structure revealed that the high affinity ephrin-binding pocket of EphA5 has an open

pocket in the unbound state, resembling that of other Eph receptors bound to ephrins [50].

3.4 Contact residues in the Eph-ephrin recognition and their evolution entropies

We analyzed the contact residues between Eph and ephrin ligands for each conformation in

several time frames. An interacting residue is defined as one whose distance to other

residues across the interface is less than 0.6nm. We listed the interacting residues in

different recognition time in Table 2.

When Eph receptor and ephrin contact near binding pocket, and the Eph receptor initiates

from an open or a closed conformation, residues in the GH loop of ephrin (Figures 1 and 5)

contact residues at the edge of the Eph binding pocket. Additional residues in the Eph

binding pocket contact the ephrin GH loop as the RMSDs drop from 0.4nm to 0.3nm.

Residues outsides the GH loop begin to contact the Eph binding pocket further decreasing
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the RMSDs from 0.3 nm to 0.2 nm. The binding conformations become similar to those in

the crystal structures when the RMSDs reach 0.1 nm.

We showed that Eph-ephrin recognition involves large conformational changes of Eph

receptors and the energy landscapes differ across Eph-ephrin pairs. However, when we

cross-examined the contact residues in EphA4 ephrin-A2 and EphA4 ephrin-B2 from both

the open and closed EphA4 conformations, we found that there are common anchoring

residues. In Table 2, we highlight these residues in bold font. These common anchoring

residues include Ile59, Cys73, Thr104, Leu105, Arg106, Arg162 and Cys191, Ile192, and

Ala193. They mainly interact with the ephrin GH loop residues

Pro135Phe136Eer137Leu138. Sequence alignments of Eph receptors and ephrins indicate

that these common anchoring residues and GH loop residues are conserved across Eph

receptors and ephrins, respectively (red boxes, Figure 5). The existence of common

anchoring residues may provide insight into the Eph-ephrin recognition mechanism,

especially for the EphA4 in closed conformation. Even though EphA4 presents different

conformational dynamics in the recognition of ephrin-A2 and ephrin-B2, the common

anchoring residues constitute key interaction sites. Comparing the time when a complex

structure reaches different RMSD stages, we can see that early contact of the anchoring

residues also differentiates the EphA4 recognition of ephrin-A2 and ephrin-B2 (Table 2).

The EphA4 ephrin-A2 complex has faster contact of the anchoring residues than the EphA4

ephrin-B2 complex for snapshots 1 and 2, indicating the importance of dynamics in specific

and promiscuous binding.

The importance of these common anchoring residues, Thr104Leu105Arg106 and

Cys191Ile192Ala193 has been previously noticed from crystal structures [47]. For example

Leu90 in EphB4, which is equivalent to Arg106 (in EphA4), was suggested to contribute to

the specific EphB4 interaction [47]. However, since these regions are also involved in

ephrin-A2 EphA4 recognition, we believe that Leu90 alone cannot determine the specificity

between EphB4 and ephrin-B2. Our EphB4 ephrin-B2 simulation trajectories revealed

specificity (Figure 6). Two pairs of salt bridges (Asp39 in EphB4 and Lys57 in ephrin-B2,

and Arg65 in EphB4 and Glu116 in ephrin-B2, Figure 6A) are formed only during the

second stage of EphB4 and ephrin-B2 recognition, which may help guide the entry of

ephrin-B2 into the EphB4 binding pocket. These two salt bridges are not located in the

binding site and cannot be identified from the crystal structure of the EphB4 and ephrin-B2

complex. As clearly shown in Figure 6C, these two salt bridges form quickly when EphB4

and ephrin-B2 approach each other. The formation of the salt bridges corresponds to the

starting decrease of the RMSD (Figure 2A, red line) and energy drop (Figure 3D, blue line).

However, the salt bridges break away (Figures 6B and 6C) after the GH loop of ephrin-B2

entered into the EphB4 binding pocket. Sequence alignments of Eph receptors and ephrins

revealed that these two pairs of the salt bridges (Asp39 in EphB4 and Lys57 in Ephrin-B2,

and Arg65 in EphB4 and Glu116 in ephrin-B2, orange and green boxes in Figure 5) are

unique for EphB4 and ephrin-B2. Therefore, our study suggests that the specificity between

EphB4 and ephrin-B2 has a dynamic component. The common anchoring residues together

with the dynamic component lead to different energetic landscape for binding of Eph

receptors and ephrins.
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We finally examined the co-evolution of 400 sequences of the Eph receptor family ligand-

binding domain and 241 of ephrin ligands. We focused on conserved residues on the

interface in the four Eph-ephrin recognition snapshots listed in Table 3 and Sup-Table 2.

First we analyze the co-evolution entropy of EphA4 ephrin-A2 and EphA4 ephrin-B2

complexes. Using ‘cleavage entropy’ as a quantitative measure of protease specificity [38],

we calculate the specificity. Using 0.5 as stringent specificity, several anchoring residues in

EphA4 are highly specific. As shown in Sup-Table 2 and Sup-Figure 3, the contact residues

of EphA4 have a broad range of co-evolution entropy, from highly specific residues Gln71/

Arg106 to highly variable like Phe154 and Asp61. Similarly for ephrin-A2 and ephrin-B2

both specific and variable residues are involved in binding. Although GH loop residues

Pro135Phe136Eer137Leu138 are conserved across human ephrin families, these residues are

not necessarily conserved evolutionally. Only proline (Pro135 for ephrin-A2 and its

equivalent Pro139 in ephrin-B2) has low co-evolution entropy. ephrin-B2, which can cross-

interact with EphA and EphB receptors, has the most highly specific residue Gly123. The

high conservation of Gly123 in ephrin-B2 suggests the importance of conformational

flexibility of the GH loop.

Table 3 and Sup-Table 2 list the classification of residues involved in the sixteen Eph-ephrin

complexes based on their evolution entropies. We grouped the Eph and ephrin by their

classes. EphA includes EphA2 and EphA4; EphB includes EphB2 and EphB4; and ephrinA

includes ephrin-A1, ephrin-A2, and ephrin-A5. Therefore, for example EphA2 ephrinA is

the group of EphA2 ephrin-A1, EphrA2 Ephrin-A2, and Eph ephrin-A5; and EphA

ephrinA1 is the group of EphA2 ephrin-A1 and EphA4 ephrin-A1. Some complexes are

artificial, for example, EphB4 only interacts with ephrin-B2. Still, we mapped the contact

residues to see if these complexes can form and what are the evolution entropies for residues

to be involved in recognition. Sup-Figures 4 and 5 provide the entropies for Eph receptors

residues involved in the recognition of A-type and B-type ephrins, respectively. Sup-Figures

6 and 7 provide the entropies of ephrin residues involved in the interaction with A-type and

B-type of Eph receptors, respectively. Table 3 and Sup-Table 2 summarize the evolution

entropies for the contact residues in the sixteen Eph-ephrin complexes. One clear feature

observed from Sup-Figures 4 and 5 is that the contact residues in EphB4 are highly

conserved. We also can see from Table 3 that EphB4 employs highly conserved residues to

recognize B-type ephrins, consistent with specific EphB4 ephrin-B2 interactions. However,

if EphB4 forms a complex with A-type ephrins, essentially all (or many) interacting residues

have to be conserved and specific. The requirement of highly specific interacting residues

may disable EphB4 receptor to interact with A-type ephrins prevents cross-recognition of

EphB4 with A-type ephrins. A-type ephrins do not use highly specific residues to interact

with EphA receptors. However, when interacting with EphB receptors, A-type ephrins

exploit specific residues. The above observations reveal a compensatory mechanism to

balance between specific and promiscuous recognition, consistent with a previous

suggestion that sequence variability among homologs can hold the key to specificity [51].

3.5 The interaction of Eph cancer mutants with ephrin ligands

Eph/ephrin signaling plays an important role in tumor promotion and suppression. Point

mutations T37K, S46F, and N85S in Eph receptor ephrin-binding domain were reported to
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relate to cancer [31] (Figure 7A). We simulated the recognition between the wild-type and

three point mutants (T37K, S46F, and N85S) of EphA3 and the four ephrin ligands (ephrin-

A1, ephrin-A2, ephrin-A5 and ephrin-B2). The energy landscapes (Figure 7B) correctly

reflected the known selective recognition between EphA3 and these ligands. EphA3 can

interact [43] with ephrin-A1, ephrin-A2, and ephrin-A5, but not with ephrin-B2 [52]. As can

be seen in Figure 7B, EphA3 interaction with ephrin-A1, ephrin-A2, and ephrin-A5 are

attractive, but repulsive with ephrin-B2.

Even though these mutation sites are not directly on the Eph-ephrin interface (Figure 7A),

our simulation found that these mutations in the ephrin-binding domain differentially

decrease the binding energies between EphA3 and the ephrin ligands (Figures 7C-7F). S46F

point mutation mainly decreases the binding energy between EphA3 and ephrin-A2 and

ephrin-A5. The T37K and N85S mutations decrease the binding energy by about 10

kcal /mol for all three A-type ephrins. All three mutations were identified in lung cancer and

co-occurrence of T37K and N85S mutations was observed in colorectal cancer [53].

However, all these mutation do not change the repulsive interaction with Ephrin-B2. Our

results suggest that Eph receptors cancer mutations disrupt binding selectivity of A-type

ephrins, and each mutation differentially influences the Eph-ephrin interaction.

Discussion and Conclusions

The recognition of Eph receptors and ephrin ligands plays an important role in key

biological processes. While several models have been proposed for describing dynamic

mechanisms of molecular recognition, application of these models to biological problems

has been difficult due to limitations imposed by both the microscopic atomic detail and the

macroscopic energy landscape. Notwithstanding, accounting for protein flexibility is

essential for understanding how a single protein can bind multiple ligands at the same or at

different sites [54, 55]. Conventional molecular dynamics simulations aiming to efficiently

reproduce protein recognition processes often fail to overcome local barriers. Steered

molecular dynamics can simulate the disassociation of protein-protein complexes, but not

the recognition steps. Even with flexible docking, it is challenging to explore the

conformational space of protein recognition. In this study, we employed an efficient method

to sample large and complex conformational changes in protein-protein recognition

ensembles. Unlike conventional all atom force field simulation with explicit water solvation,

the SBM model we used does not account for the contributions of water molecules in

protein-protein interactions, which are known to be important[56, 57]. The steps used in the

structure-based models are in reduced units, different from many other MD simulations. A 5

million steps simulation is far from being a true representation of an equilibrium

representing whole protein-protein recognition process. However, the combination of the

SBM model and MM-GBSA method allow us to provide a comprehensive description of the

energy landscape as it relates to biological function. Using the energy landscape, we

correctly predicted the promiscuity and specificity of the interaction among the four Eph

receptors and four ephrin ligands and provided insights into their recognition.
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4.1 Eph-ephrin recognition is a conformational selection process

Depending on the extent of the conformational changes, both ‘lock and key’ and ‘induced

fit’ mechanisms have been used to describe the Eph-ephrin recognition. It was suggested

that the A-class Eph receptor/ephrin interactions are better described by a 'lock-and-key'-

type binding mechanism due to the smaller conformational rearrangements than the B-class

molecules, which fit the 'induced fit' mechanism [58]. The alternative is a specific open

conformation which is directly selected by an incoming ligand with subsequent minor

induced fit optimizing it to reach the final bound state [10]. Structural plasticity in Eph-

ephrin recognition has been documented experimentally [59–61]. Qin et al. [60] observed

that heterogeneous free EphA4 conformations, including both the open and closed loop

conformations, already exist before binding to the ephrin ligands, supporting the

‘conformational selection and population shift’ mechanism [1–7].

Here, however, we observed progressive conformational selection spanning the entire

recognition process from the initial separated states to the final Eph-ephrin complex. When

Eph receptors are in open conformations, Eph receptor and ephrin recognize each other

quickly by directly conformational selection. However, it is not necessary for Eph receptor

to have a fully open conformation to form complex with an ephrin molecule. Gradual

conformational adjustments and energy changes are observed during the recognition process

when binding starts with a closed Eph receptor conformation. The progressive

conformational selection may help specific Eph-ephrin recognition. Many protein receptors

also have similar mechanisms, including the kinases [62, 63], Hsp70s [64], caspases [65],

and T-cell receptors (TCR) [66]. Hsp70s also have a conserved mechanism exploiting the

pliable substrate binding groove to ensure substrate specificity [64]. The energy landscapes

of the loops in TCR also allow cross-reactivity and specificity through both conformational

selection and induced fit [66]. Conformational selection also operates in protein-nucleic acid

(RNA and DNA) recognition, such as in initiation factor 3 ribosome interaction [67] and the

PBX1 homeodomain DNA binding [68]. Induced fit, conformational selection and other

mechanisms are often mixed. For example, a subtle interplay between flexibility and rigidity

of two loops in snake venom metalloprotease seems to be the prerequisite for its multi-

specificity to bind several partners with good affinity [66]. Small Angle X-ray Scattering has

shown the progressive conformational change in the cGMP-dependent Protein Kinase[69].

Thrombin binding also involves progressive conformational changes which look like

induced fit events [70, 71]. Still, trypsin-like proteases recognitions are conformational

selection processes[72].

4.2 The energy landscapes control Eph-ephrin recognition and function

It is commonly believed that different binding affinities among receptors and their ligands

relate to their distinct functions. For example, the binding affinities of EphA4 with ephrin-

A1, ephrin-A2, ephrin-A4, ephrin-A5, and ephrin-B2 are 1.2 M, 2.3 µM, 36 nM, 360 nM,

and 10.8 M, respectively [59], indicating varied ligand selectivity. However, the weak

binding affinities of EphA4 across the ephrin-B ligands subclass do not imply functional

deficiency, and the apparent paradox of decoupling of binding affinity from function may

also be understood in terms of the entire energy landscape of the Eph-ephrin recognition, not

only by the final binding energy.
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Generally, the energy landscapes of the allowed Eph-ephrin interaction are attractive and

those of the disallowed are repulsive. The patterns of ephrin-A5 interacting with Eph

receptors differ (Figure 3), and the energy landscapes of some of the interactions are

repulsive. While the repulsive energy landscape of EphB4 ephrin-A5 correctly reflects the

class B-only selectivity of EphB4, it is counter intuitive. This might be due to ephrin-A5

being a specific ligand in the A-class ephrins that is able to interact with the B-class Eph

receptors. Therefore, while ephrin-A5 is promiscuous and binds most Eph receptors, the

energy landscape of ephrin-A5 needs to differentiate among the receptors to achieve

functional selectivity. A recent study shows that while EphA2 ephrin-A5 and EphA4 ephrin-

A5 have similar binding affinities, ephrin-A5 induces smaller EphA4 clusters than EphA2

and with different, circular versus array organizations, respectively [46]. This could reflect

the repulsive energy landscape. Importantly, the crystal structures indicate that EphA4

dimerizes already prior to ephrin binding, with the conformational change likely also

resulting in enhanced selectivity.

Ephs/ephrins cluster temporally, increasing their effective local concentration. This

facilitates binding of their ligands and effectors, and encodes bursts of signaling. Among the

ephrin ligand family, ephrin-A5 is most commonly involved in topographic map

specification through graded expression in the target region [73–75]. Recently, it was found

that ephrin-A5 EphA4 signaling controls the specific targeting to cochlear hair cells [76, 77].

The changes of the ephrin-A5 energy landscapes with different receptors may also increase

its ability to assemble into different signaling complexes as a function of the concentration

and affinities of ephrin-A5 and its Eph receptors [16].

4.3 Dynamic anchoring residues enable both repulsive and attractive selection

Protein sequence encodes its dynamics and the related distribution of the protein shapes;

these combine with specific residues at the binding site that encode further specificity. These

specific residues may recognize and help distinguish among ephrin ligands. During the

recognition process, the number of interface residues gradually increases, and common

anchoring residues shift from initial recognition contact to final binding pairs. Such a

mechanism can only be possible by progressive conformational selection, with the open

conformation embodying all the common anchoring residues available to interact with

incoming ligands. A closed conformation may need only to open sufficiently to allow the

early interaction of the common anchoring residues with the ligand, and may not require

reaching the final open conformation as in the complex. In addition to these common

anchoring residues, dynamic contacting residues appearing at an early recognition stage may

also contribute to specific recognition. EphB4 and ephrin-B2 form two such dynamic salt

bridges, which contribute to their specific recognition.

The dynamic anchoring residues, either common ones for promiscuous interaction or unique

ones for specific recognition are subjected to allosteric perturbations away from binding

sites. We found that oncogenic mutations of EphA3, which are not directly involved on the

Eph-ephrin interface, decrease the binding energies between EphA3 and ephrin ligands (A1,

A2, A5, and B2).
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Highlights

• Promiscuous and specific Eph-ephrin binding between cells controls

communication

• Conformational ensembles and energies of sixteen Eph - ephrins complexes can

illuminate the recognition mechanism

• The process of recognition appears to involve progressive conformational

selection events

• Dynamics control specificity , anchoring residues may offer promiscuity

• Conformational dynamics may simultaneously allow promiscuous and specific

binding
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Figure 1.
Eph-ephrin complexes are conformationally flexible, as indicated by comparing two Eph-

ephrin complexes. (A) Two overlaid conformations of Eph receptors reveal the change in

the secondary structure of the JK loop binding to ephrin-A2 and ephrin-B2. ephrin-A2 is not

shown for clarity. (B) Starting conformations in the simulations of Eph-ephrin recognition

with separated Eph receptor and ephrin ligand.
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Figure 2.
The RMSD trajectories of Structure-Based Models (SBMs) simulations of Eph-ephrin

recognition for (A) complexes with bound crystal structure available, and (B) modeled

complexes of bound structures. Each line was averaged from five simulations. Both kinds of

complexes can have either large or small RMSD fluctuations after 300 ps, with the modeled

complexes having larger fluctuations.
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Figure 3.
Energy landscapes of four Eph receptors (A2, A4, B2, and B4) interacting with four ephrins

(A1, A2, A5, and B2) reflect the binding tendencies between ephrins and their receptors,

consistent with the promiscuity and specificity of their interactions. (A) EphA2 is sepcific to

ephrin-A; (B) EphA4 is promiscus to both ephrinA and ephrin-B; (C) EphB2 is promiscus to

both ephrin-A and ephrin-B; and (D) EphB4 is sepcific to ephrin-B.
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Figure 4.
Comparison of the energy landscape of the Eph-ephrin recognition starting with open and

closed Eph conformations reveals that the EphA4 receptor uses a different mechanism to

interact with ephrin-A2 and ephrin-B2. (A) Comparison of EphA4 ephrin-A2 interaction

starting with closed and open EphA4 conformations. Starting from a closed EphA4

conformation, the RMSD with respect to the closed (B) and open (C) EphA4 conformations

suggests simutanous ephrin-A2 recognition and adjustment to the open EphA4

conformation. (D) Comparison of EphA4 ephrin-B2 interaction starting with closed and

open EphA4 conformations. Starting from a closed EphA4 conformation, the three-

dimensional energy landscapes of the EphA4 ephrin-B2 interaction of the closed (E) and (F)

open EphA4 conformations suggests that adjusting to the open EphA4 conformation takes

place at the early stage of ephrin-B2 recognition.
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Figure 5.
Sequence alignments of several Eph receptors and ephrins indicate that anchoring residues

can be conserved across the Eph and ephrin family (red boxes), or unique for specific

recongnition (orange and green boxes). The blue box indicates that R149 in EphB4 is

unique, but does not contribute to specific ephrin selection since the E125 in ephrins is

common. The residue numberings are based on EphB4 and ephrin-B2, respectively.
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Figure 6.
Dynamic salt bridges contribute to specific EphB4 ephrin-B2 recognition. (A) Illustration of

the dynamically formed salt bridges during the early stage of EphB4 ephrin-B2 recognition.

(B) The salt bridges did not appear in the final bound structure of the EphB4 ephrin-B2

complex. (C) Distance trajactories during the simualtion of EphB4 ephrin-B2 recognition.

Dai et al. Page 24

Biochim Biophys Acta. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
The energy landscapes of the wild type and three EphA3 point mutants interacting with four

ephrins (A1, A2, A5, and B2) reflect the effect of point mutations on EphA3-ephrin

interactions. (A) The location of the mutations in EphA3 based on the structure of EphA4

ephrin-B2 (pdb code: 3wo2). (B) The energy landscapes suggest that EphA3 can recognize

the three A-type ephrins, but not ephrin-B2. (C)-(F) The influence of T37K, S46F, and

N85S mutations on the energy landscapes and the binding energies of EphA3 the four

ephrins.
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Table 1

Averaged interaction free energies between Eph and ephrin reflect their tendencies to form complexes.

Complexes with available crystal structures are indicated with their PDB codes.

Eph-ephrin
complex

Interaction based
on

classification

Interaction
energies*
(kcal/mol)

Results from
simulations

2wo2(EphA4
ephrin-B2)

√, promiscuous −77.5 ± 10.4 √

2wo3(EphA4
ephrin-A2)

√, promiscuous −33.2 ± 9.3 √

3hei(EphA2
ephrin-A1)

√, specific −42.7 ± 8.2 √

2hle(EphB4
ephrin-B2)

√, specific −40.1 ± 9.4 √

1kgy(EphB2
ephrin-B2)

√, promiscuous −28.0 1± 0.7 √

3mx0(EphA2
ephrin-A5)

√, specific −4.0 ± 6.8 √?

1shw(EphB2
ephrin-A5)

√, promiscuous −10.4 ± 4.7 √

4BKA(EphA4
ephrin-A5)

√, promiscuous −7.0 ± 7.9 √

EphA4
ephrin-A1

√, promiscuous −30.7 ± 7.9 √

EphA2
ephrin-A2

√, specific −14.7 ± 6.2 √

EphB4 ephrin-A5 X 18.3 ± 12.2 X

EphB2 ephrin-A2 X 0.4 ± 7.0 X?

EphA2 ephrin-B2 X 39.4 ± 9.9 X

EphB2 ephrin-A1 X 11.0 ± 6.2 X

EphB4 ephrin-A2 X 11.9 ± 11.3 X

EphB4 ephrin-A1 X 11.5 ± 3.4 X

•
Based on the trajctories from 300 ps to 500 ps after RMSDs are stablized.
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Table 3

The classification of residues to be involved in Eph-ephrin recognitions a,b.

receptor Complex c highly specific specific

EphA2
EphA2 ephrinA 14.3% (2/14) 35.7% (5/14)

EphA2 ephrin-B2 10.5% (2/19) 15.8% (3/19)

EphA4
EphA4 ephrinA 14.3% (2/14) 42.8% (6/14)

EphA4 ephrin-B2 10.5% (2/19) 36.8% (7/19)

EphB2
EphB2 ephrinA 14.3% (2/14) 28.6% (4/14)

EphB2 ephrin-B2 10.5% (2/19) 36.8% (7/19)

EphB4
EphB4 ephrinA 71.4% (10/14) 14.3% (2/14)

EphB4 ephrin-B2 52.9% (9/17) 17.6% (3/17)

ligand

ephrinA1
EphA ephrin-A1 0% (0/5) 40% (2/5)

EphB eprhin-A1 21.4% (3/14) 5.9% (1/14)

ephrinA2
EphA ephrin-A2 0% (0/5) 40% (2/5)

EphB ephrin-A2 21.4% (3/14) 5.9% (1/14)

eprhinA5
EphA ephrin-A5 0% (0/5) 40% (2/5)

EphB ephrin-A5 21.4% (3/14) 0% (0/14)

ephrinB2
EphA ephrin-B2 20% (1/5) 0% (0/5)

EphB ephrin-B2 21.4% (3/14) 5.9% (1/14)

a
The percentages in the table are based on the counts of with the number of contact residues and their evolution entropies. Highly specific

residues : entropy < 0.5 ; specific residues : 0.5 < entropy ≤ 1.0.

b
Some complexes are artificial. for example, EphB4 EphrinA complex. We mapped the contact residues to see if these complexes are formed, what

are the evolution entropies for the residues to be involved in recognition.

c
We grouped the Eph and ephrin by their classes. EphA includes EphA2 and EphA4; EphB includes EphB2 and EphB4; and ephrinA includes

ephrin-A1, ephrin-A2, and ephrin-A5. Therefore, for example EphA2 ephrinA is the group of EphA2 ephrin-A1, EphrA2 Ephrin-A2, and Eph
ephrin-A5; and EphA ephrinA1 is the group of EphA2 ephrin-A1 and EphA4 ephrin-A1.
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