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ABSTRACT Allosteric effects often underlie the activity of proteins, and elucidating generic design aspects and functional prin-
ciples unique to allosteric phenomena represent a major challenge. Here an approach consisting of the in silico design of syn-
thetic structures, which, as the principal element of allostery, encode dynamical long-range coupling among two sites, is
presented. The structures are represented by elastic networks, similar to coarse-grained models of real proteins. A strategy
of evolutionary optimization was implemented to iteratively improve allosteric coupling. In the designed structures, allosteric in-
teractions were analyzed in terms of strain propagation, and simple pathways that emerged during evolution were identified as
signatures through which long-range communication was established. Moreover, robustness of allosteric performance with
respect to mutations was demonstrated. As it turned out, the designed prototype structures reveal dynamical properties resem-
bling those found in real allosteric proteins. Hence, they may serve as toy models of complex allosteric systems, such as pro-
teins. Application of the developed modeling scheme to the allosteric transition in the myosin V molecular motor was also
demonstrated.
INTRODUCTION
The functional activity of proteins and its precise regulation
often relies on allosteric coupling between different func-
tional regions within the macromolecular structure. Accord-
ing to the mechanical perspective, allosteric communication
originates from structural changes mediated by a network of
physically interacting residues (1). Much resembling the
occurrence of a protein quake, local conformational motions
initiated, e.g., upon ligand binding to one specific site, prop-
agate themselves across the protein structure to spatially
remote regions eventually generating a functional change
in the conformation of another site.

Experiments have indeed evidenced the existence of
communication networks in proteins, which are formed by
only a set of amino acids and constitute allosteric pathways,
physically linking remote binding sites (2,3). Various
computational strategies aimed at predicting such pathways
have been developed, including structure-based network
analysis (4–6), stochastic Markov modeling (7,8), and
sequence-based statistical methods (9–12). Understanding
of allosteric communication at the molecular level has
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also been widely addressed at atomistic resolution in molec-
ular dynamics (MD) simulations (13–19).

To circumvent the heavy computational burden present
in MD simulations, collective conformational motions and
allosteric transitions in proteins have been, to a vast extent,
investigated at the coarse-grained level using elastic-
network models and the analysis of normal modes (20–26).
Despite their approximate nature, such simplified descrip-
tions have significantly contributed to understanding the
mechanistic underpinnings of allostery in proteins (27,28).

Although, in the majority of cases, the important question
is considered to be how allostery works for a particular pro-
tein given its specific structure, there may also be more
fundamental and general questions to be addressed, such
as what generic design and functional principles are requi-
site to make allostery work, and which dynamical properties
are unique to allostery. One possibility to approach such
aspects would consist of a systematic screening of the bio-
physical properties among allosteric proteins with the avail-
able structural data, which has been sporadically attempted
earlier (6,29).

Here, in an attempt to address this subject, we present an
alternative approach that is motivated by the idea to engi-
neer, in silico, artificial spatial structures with dynamical
properties resembling those found in real proteins. In
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Design of Artificial Allosteric Proteins
previous works, such an approach was employed to
design structures of elastic networks that can operate as a
model molecular machine (30–32) or swimmer (33). More-
over, we recently used this machine to construct a model
motor which, in its function, mimics the myosin protein
motor (34).

In this article, we aim to establish a generalized structural
model of an allosteric system. To this end, we design, using
evolutionary optimization, elastic-network structures that,
as the principal element of allostery, encode long-range
coupling among two spatially remote local regions. We first
explain how the strategy of iterative evolution was devel-
oped and then applied to stepwise improve starting from
a random elastic network, the allosteric response in the
emerging structures. In the designed structures, allosteric
communication was then analyzed in terms of the propaga-
tion of strain, and its spatial distribution was used to identify
pathways through which remote interactions are estab-
lished. Moreover, the effect of mutations was demonstrated
and the robustness of allosteric performance in the designed
structures examined. Finally, application of the modeling
scheme to allosteric communication in the myosin V molec-
ular motor was demonstrated and commonalities with the
designed model systems were exemplified.
METHODS

Construction of random elastic network

The initial two-domain elastic network was constructed by first randomly

folding two chains of linked beads, then bringing them into contact and

finally determining the network connectivity. One chain consisted of 100

identical beads each and its folded form was constructed as follows. After

fixing the position of the first bead, each next bead was placed at random

around the position of the previous bead, with the following restric-

tions: 1) the distance to the preceding bead had to lie within the interval be-

tween lmin and lmax, 2) the new bead had to be separated from each previous

bead by at least the distance lmin, and 3) the distance from the new bead to

the geometric center of all previous beads should not exceed the threshold

rmax. In the simulations, the prescribed values lmin ¼ 4.0 Å, lmax ¼ 5.0 Å,

and rmax ¼ 20.0 Å were used to generate a compactly folded backbone

chain. After constructing two such chains, they were merged in such a

way that they came into tight contact but still did not overlap. Positions

of the 200 beads in the initial two-domain random structure are denoted

by ~R
ð0Þ
i and their spatial coordinates are provided as Supporting Materials

and Methods. To complete the network construction, we have checked

all distances d
ð0Þ
ij ¼

���~R
ð0Þ
i �~R

ð0Þ
j

��� between beads i and j and introduced

an elastic spring between those pairs of beads for which the distance d
ð0Þ
ij

was below a prescribed interaction radius of rint ¼ 9 Å. With this choice,

the initial two-domain elastic network had 1467 links. It should be noted

that in this model, all length units are, in principle, arbitrary. When data

from real protein structures is used, the distances between amino acids

have the scale of Ångstroms. Hence, throughout the article, this notion is

adopted.
Elastic conformational dynamics

The total elastic energy U of the network is the sum of contributions of all

elastic links, i.e., U ¼ ð1=2ÞPN
i< jkGijðdij � d

ð0Þ
ij Þ2. Here, N ¼ 200 is the
number of beads; k is the spring stiffness constant (equal for all springs);

dij ¼
��~Ri �~Rj

�� is the actual length of a spring connecting beads i and j

in some deformed network conformation, with~Ri being the actual position

vector of bead i; and d
ð0Þ
ij is the corresponding natural spring length. Coef-

ficients Gij have value 1 if beads i and j are connected by a spring (i.e., when

d
ð0Þ
ij < rint), and equal 0, otherwise. The dynamics of the elastic network is

governed by Newton’s equation of motion in the overdamped limit, where

the velocity of each network bead is proportional to the forces applied to it.

This limit is valid in the low Reynolds number regime of proteins at which

inertial movements can be neglected. Hence, the equation for bead i was

g d
dt
~Ri ¼ � v

v~Ri
U þ~f i ¼ �k

PN

j

Gij

dij�d
ð0Þ
ij

dij

�
~Ri �~Rj

�þ~f i:

(1)

On the left-hand side, g is the friction coefficient assumed to be equal for all

beads. On the right side are the elastic forces exerted by network springs

that are connected to bead i; they depend only on the change in the distance

between two connected beads. Additionally, an external force~f i could be

applied to bead i, which was used in probing allostery (see next section).

Note that in the above equations the dependencies on g and k can be

removed using the rescaled dimensionless time (k/g)t. To obtain the posi-

tions of network beads, and hence the conformation of the network at

any time moment, the set of equations of motion was numerically inte-

grated. In the simulations, a first-order scheme with a time step of 0.1

was employed. It should be noted that the same relaxational elastic-network

model was previously applied in several studies of protein conformational

dynamics (e.g., (30,35–37)).
Pocket sites and probing of allostery

In the network model, the allosteric site and the regulates site were, for

simplicity, each represented by two beads. Those beads have been selected

in such a way that the two pockets were sufficiently remote from each other.

At the same time, the two beads forming one pocket should be adjacent, but

not directly connected by an elastic spring. In the constructed two-domain

network, the allosteric pocket was defined by beads with indices 38 and 81,

belonging to the first domain; and the regulated pocket was defined by

beads with indices 149 and 189, belonging to the second domain.

To probe allosteric communication between the two pockets, a simple

force-probe scheme was implemented. Conformational dynamics in the

allosteric site was initiated through the application of additional forces,

and the subsequent response generated in regulated site was probed by eval-

uating structural changes there. In the simulations, pair forces have been

applied to the beads of the allosteric pocket. The forces were always acting

along the direction given by the actual positions of the two pocket beads.

Specifically, the force applied to pocket bead 38 was ~f 38 ¼ 0:5,~u,
with the unit vector ~u ¼ ð~R81 �~R38Þ=

��~R81 �~R38

�� . The same force, but

with the different sign, was acting on the second pocket bead, i.e.,
~f 81 ¼ �0:5,~f 38. Such pair forces would induce only internal network defor-
mations and result in a decrease in the distance between the two pocket

beads, thus leading to closing of the allosteric pocket. Because this situation

is apparently equivalent to assuming that an additional network bead

became bound to the center of the two pocket beads, where it generated

attractive forces between itself and each pocket bead, we can also say

that the chosen force scheme mimicked binding of a fictitious ligand

bead to the allosteric pocket. The action of the additional forces generated

deformations of the network, which were first localized in the vicinity of the

allosteric pocket, but which gradually spread over the entire network struc-

ture. The corresponding process of conformational relaxation was followed

by integrating the equations of motion until a steady state of the elastic

network (in which all motions were terminated) was reached (at final

time T, see Supporting Materials and Methods). In the resulting conforma-

tion of the network, the effect of allosteric coupling was examined by
Biophysical Journal 113, 558–571, August 8, 2017 559
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evaluating the distance between the beads corresponding to the regulated

site. This distance d149;189ðTÞ ¼
��~R149ðTÞ �~R189ðTÞ

�� ¼: A is termed the

‘‘allosteric parameter’’.
Evolutionary optimization

To design networks with perfected allosteric communication, a process of

evolutionary optimization, consisting of mutations followed by selection,

was applied iteratively, starting from the random network. In particular,

the following sequence was carried out. First the allosteric response of

the elastic network before the mutation was determined and the allosteric

parameter A stored. Then a single structural mutation was performed by

randomly selecting one network bead (except for one of the four pocket

beads) and changing its equilibrium position. The new equilibrium position

was chosen to be randomly oriented within a sphere of radius 2.0 Å around

the old equilibrium position. To preserve the backbone chain of each

domain, it was additionally required that, after the mutation, the distance

between the mutated bead and its left and right neighbor in the chain would

still lie within the interval between lmin and lmax. Furthermore, distances

from the mutated bead to all other network beads should not be smaller

than lmin. After the mutation, the network connectivity Gij was updated

by reexamining distances between all beads and the mutated bead; only

those pairs that were separated by a distance less than rint were linked by

a spring. After a mutation, the elastic network may possess internal free ro-

tations originating from loosely coupled network parts. They can lead to

local movements free of energetic cost, which was to be prevented. There-

fore, when the number of nonzero eigenvalues in the spectrum of the elastic

network was smaller than 3N�6 (indicating the occurrence of internal rota-

tion zero modes), the mutation was rejected. Once a mutation that fulfilled

all criteria was found, probing of allostery in the new elastic network pro-

ceeded as described in the previous section, the allosteric parameter after

the mutation Amut was determined, and the mutation was evaluated by

comparing the allosteric parameter before the mutation A with that after

the mutation Amut. Only mutations that were favorable, i.e., those that

improved the allosteric response in the network, were selected. Two situa-

tions were distinguished. In the evolution process where symmetric

coupling between the allosteric and regulated pocket was to be optimized,

a mutation was accepted only if Amut < A, and rejected otherwise. In the

second independent evolutionary process corresponding to the asymmetric

situation, the acceptance criteria for the mutations was Amut > A. As

a termination condition for the two evolution processes, we imposed

(A – Arandom) < �2.0 Å for the design of the network with symmetric

coupling and (A – Arandom)> 2.0 Å for the design of the network with asym-

metric coupling. Arandom denotes the allosteric parameter of the initial

random network. During both design processes, the improvement of allo-

steric response in the evolving networks was recorded (see Fig. S1).
Strain propagation and pathways

In the initial random network, the two designed networks, and the selected

mutant networks, the propagation of strain after ligand binding to the allo-

steric pocket was monitored. The strain of an elastic link connecting beads i

and j was defined as sij ðtÞ ¼ dij ðtÞ � d
ð0Þ
ij . In the employed model, confor-

mational changes corresponded to relaxation processes of the elastic

network structure (see Eq. 1). Therefore, the energy injected locally at

the allosteric site, as a consequence of ligand binding there, would not

only be converted into deformations of elastic bead connections but would

also dissipate. In particular, deformations of elastic springs become signif-

icantly damped the farther away they are located from the pocket. Because

we still wanted to discuss the anisotropy of strain distribution in the

network, a method in which the strain was normalized with respect to the

distance from the allosteric site (in terms of the minimal path) was em-

ployed. Details are described in the Supporting Materials and Methods.

For the visualization of strain, a link was colored blue (if sij > 0) or red
560 Biophysical Journal 113, 558–571, August 8, 2017
(sij < 0) and the width corresponded to
��~sij

�� (superscript � refers to the

normalized strain). To determine the communication chains shown in

Fig. 5 the maximum absolute strain of each link during the simulation

was stored and only those links whose normalized strain exceeded a pre-

scribed threshold ~st were considered (for details see Supporting Materials

and Methods). For both designed networks, a threshold value of

~st ¼ 60% was imposed. To obtain the communication skeleton in the

52-196-197 double mutant of the designed network with symmetric coop-

erativity (shown in Fig. 6 B), a threshold of ~st ¼ 45% was used. For the 52-

185 mutant of the designed network with asymmetric cooperativity (see

Fig. 6 b), a threshold of ~st ¼ 25% was used.
Robustness

All mutations performed are listed in Table S1. For each mutant network,

a robustness coefficient was computed as the ratio of the change

in the pocket size of the regulated pocket in the considered mutant

network and the pocket size change in the wild-type network, i.e.,

ð~dð0Þ149;189 � ~d
final

149;189Þ=ðdð0Þ149;189 � dfinal149;189Þ. Here, the superscript ‘‘�’’ denotes

distances in the mutant network and superscript ‘‘final’’ denotes distances in

the corresponding steady state of the elastic network after ligand binding to

the allosteric site (i.e., at time T).
Application to allostery in the myosin V molecular
motor

Details of the elastic network construction, modeling of ATP-binding, and

quantification of allosteric coupling in the myosin V motor domain can be

found in the Supporting Materials and Methods.
RESULTS

Random elastic network and evolutionary
optimization

Our structural model of an allosteric system was based on
evolutionary optimization starting from a random elastic
network. The initial random network was constructed as a
two-domain structure. It was obtained by randomly folding
two polymer chains independently, each consisting of 100
elastically linked identical beads and representing one
domain, and then merging them such that they form a com-
mon domain interface. In the model, physical interactions
between all beads (beyond those acting between neigh-
boring beads in each chain) were introduced by connecting
those two beads by an elastic link that had a separation
smaller than a prescribed interaction radius. Thus the com-
plete elastic network was obtained. Details of the construc-
tion are described in the Methods.

When elastic networks are constructed based on the struc-
tures of real proteins, the beads correspond to atoms or typi-
cally represent entire amino acid residues, and elastic links
between them empirically mimic the effective interactions
between them (38,39).

Here, we proceed with the constructed random network of
two compactly folded coupled domains shown in Fig. 1.
In each network domain a pocket site, for simplicity formed
by two beads only, was chosen such that a sufficient
separation of the two sites was ensured (see Methods).



FIGURE 1 Random elastic-network structure. Given here is the initial

two-domain network consisting of 200 beads connected by elastic links.

The randomly folded chains, each forming one domain, are shown as

blue (respectively, red) traces of thick bonds. Other links are displayed as

thin, in gray. In each domain the two beads representing the remotely placed

pockets are highlighted as colored beads. To see this figure in color, go

online.

Design of Artificial Allosteric Proteins
One site represented the allosteric pocket whereas the other
mimicked the regulated pocket, respectively. As shown
in Fig. 1, the pockets were located opposite to each other
near the surface of the respective domain.

With this setup, the ability of the elastic network to conduct
allosteric communication between the pockets was examined
using a simple force-probe scheme, in which conformational
dynamics in the allosteric site was initiated through local
binding of an additional ligand bead, and the subsequent
response generated in the regulated site has been detected.
In particular, attractive pair forces that were acting on the
pocket beads of the allosteric site have been applied to mimic
binding of the fictitious ligand bead to its center. The dy-
namics of protein elastic-networks consists of processes of
overdamped relaxation motions (see Methods). Hence, as a
result of such forces, all beads underwent coupled relaxation
motions, bringing the elastic network from its original confor-
mation (without the forces) to a deformed steady state of the
network, with the ligand bead tightly bound to the allosteric
site (i.e., with the forces applied for a long time). During
this process, the additional forces tend to close this site, i.e.,
its two beads move toward each other, and first the elastic
links localized in their vicinity became deformed. Eventually
deformations propagated through the entire network structure
until a final steady network conformation was reached. In the
simulations, the conformational motions inside the network
were followed by numerically integrating the equations of
motion for all network beads (see Methods). The response
generated inside the regulated pocket in the second domain
was quantified in terms of distance changes between its two
corresponding beads.

As we found, the random network structure did not reveal
any allosteric coupling between the two sites. Whereas the
allosteric site closed upon ligand binding, with the distance
between pocket beads changing by��4 Å, no response was
detected at the regulated site, with a change of<10�4 Å (for
the choice of lengths units, see Methods). Proceeding with
this observation, an algorithm of evolutionary optimization
aimed to design networks with pronounced allosteric
communication, was established. The optimization process
consisted of sequences of mutations followed by selection,
which were applied iteratively starting from the initial
random network. In each evolution step, the following
sequence was carried out: 1) mutation: a single structural
mutation was performed by randomly selecting one network
bead (excluding one of the four pocket beads) and changing
its equilibrium position, which corresponded to an alteration
of elastic connections in the vicinity of the mutation spot; 2)
probing of allostery: the force-probe scheme was applied
in a simulation of the new mutant network structure and
its conformation with the ligand bead bound to the allosteric
site was obtained; and 3) selection: the allosteric response
in the regulated pocket of the network before and after the
mutation was compared and the mutation was scored favor-
able, and was accepted if the mutant network showed
improved allosteric coupling between the two sites, other-
wise it was rejected. The optimization procedure was itera-
tively applied and terminated, once a network structure with
a prescribed level of sufficient allosteric coupling was ob-
tained. Details of the implementation are described in the
Methods.

In this work two prototype examples of elastic network
structures with allosteric coupling were designed and
analyzed. In two independent simulations of evolutionary
optimization, starting both times with the same initial
random network, two different network structures with opti-
mized allostery have been designed. The first one was de-
signed under the side condition that allosteric coupling
between the remote sites had symmetric cooperativity, i.e.,
binding of the ligand bead to the allosteric site and the
concomitant closing of that pocket resulted in consequent
closing of the regulated site. In the second case, the require-
ment was vice versa; allosteric communication was opti-
mized under the premise that ligand-induced closing of
the allosteric pocket triggered opening in the regulated
site, i.e., asymmetric cooperative coupling was realized. In
both cases, as a result of several hundreds of mutations
that were needed during evolution to improve allosteric
coupling, the networks underwent significant structural re-
modeling and concomitant rewiring of elastic interactions
between their beads. In Fig. 2, snapshots of network archi-
tectures along the processes of evolution are displayed.
For both designed networks, it could be observed that
besides mutation-induced changes taking place inside the
individual domains, their common interface became signif-
icantly remodeled. As evolution progressed, the allosteric
response generated inside the regulated pocket upon ligand
binding to the allosteric pocket was gradually enhanced dur-
ing both design processes, as can be seen by comparing cor-
responding snapshots of network conformations in Fig. 2.
Biophysical Journal 113, 558–571, August 8, 2017 561



FIGURE 2 Evolutionary optimization. Given

here are snapshots of network conformations taken

at different steps of accepted mutations along the

processes of evolutionary optimization toward

designing the two prototype allosteric networks.

The initial random network structure is shown in

the top row. Each depicted network conformation

corresponds to the steady state with the allosteric

pocket being closed after ligand binding and

the allosteric response in the regulated pocket

becoming progressively improved. In the design

process of the network with symmetric cooperativ-

ity, the regulated pocket increasingly closed as

evolution proceeds, whereas during the design of

the network with asymmetric cooperativity, its

ability to open emerged (indicated by black ar-

rows). Pocket beads are highlighted in blue color

and the size of the regulated pocket in Å is given

for all snapshots. Mutation-induced structural

changes and concomitant remodeling of elastic in-

teractions can be seen by comparing snapshots.

Final structures of designed networks are shown

in the bottom row. To see this figure in color, go

online.
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In the next paragraphs the two prototype designed network
structures are presented and their dynamical properties
analyzed.
Designed prototype networks

The designed networks are shown in Fig. 2 (bottom panel).
Both networks retained the initial two-domain architecture
after the evolution; however, their structures were clearly
different from the initial random network. In both designed
networks a pronounced domain interface with many interdo-
main links had emerged; such interface was rather sparse in
the initial random network (see Fig. 2). Remodeling of that
region under the process of evolution apparently points to-
ward the importance of the pattern of elastic connections
in the domain contact region for allosteric communication
in our model systems. Those aspects will be further dis-
cussed in the next section.

In Fig. 3, A and a, the two designed networks are shown,
each in their equilibrium conformation and in the respective
562 Biophysical Journal 113, 558–571, August 8, 2017
steady conformations, with the ligand bound to the allosteric
pocket and the allosteric response having been triggered
in the remote regulated sites. Traces showing changes in
the size of both pockets upon binding of the ligand bead
to the allosteric pockets are also provided (see Fig. 3, B
and b). In both designed networks, the allosteric pocket
closed rapidly when the ligand bead bound there, with
the size changing by �3.8 Å in both cases. In striking
contrast, motions inside the regulated pocket were much
slower, when changes in its size only gradually set
in and the pocket smoothly approached its closed confor-
mation in the network with symmetric cooperativity
(change by �2.3 Å), or open conformation in the network
with asymmetric cooperativity, respectively (change
by þ2.0 Å). Movies visualizing conformational motions
during the allosteric transition in the designed networks
are provided as Movies S2 and S3.

Comparing the ligand-bound network conformation with
the initial structure reveals that, in both designed networks,
the conformational changes underlying allosteric dynamics



FIGURE 3 Allosteric coupling in designed network structures. (A and a) For both designed networks, the initial structure and the final structure with the

ligand bound to the allosteric pocket are shown. Elastic connections between network beads are shown as thin transparent lines and pocket beads are colored

blue (allosteric pocket) and red (regulated pocket), respectively. In both designed networks the initial and respective final structure is very similar (see text),

but the large-amplitude motions of pocket beads evidencing intrastructure allosteric communication are apparent. In the network with symmetric coopera-

tivity, ligand-induced closing of the allosteric pocket triggers allosteric closing of the regulated pocket, whereas, in the network with asymmetric coopera-

tivity, the allosteric response consisted of opening of the regulated site. (B and b) Given here are traces showing changes in the size of both pockets upon

binding of the ligand bead to the allosteric pockets (blue color for allosteric the pocket, red for the regulated pocket). To see this figure in color, go online.
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did not involve any large-scale structural rearrangements but
were rather governed by small-amplitude subtle motions. In
fact, initial and ligand-bound structures compared by root
mean squared deviations of only 0.6 Å in the symmetric
case and 0.46 Å in the asymmetric case, respectively.
Although local motions in the two pockets were indeed pro-
nounced, the communication between them must therefore
have resulted from cascades of small-amplitude displace-
ments of network beads located in the regions connecting
both pockets.

By the application of evolutionary optimization to the
random network, we could successfully design special net-
works whose two-domain structure encodes enhanced allo-
steric interactions between two remote pockets. All three
network structures are provided as Supporting Materials
and Methods. Next, to unravel signatures that may underlie
allosteric communication in the two prototype networks, we
have analyzed the conformational dynamics in terms of me-
chanical strain propagating through the network structures.
Propagation of strain and communication
pathways

Apparently, allosteric interactions in our model systems
result from conformational changes propagating from the
allosteric site across the domain interface to the regulated
site. Therefore, in both designed structures, the elastic strain
inside the networks was computed during the entire simula-
tion after ligand binding to the allosteric site until the steady
state of the respective network was reached. The strain in-
side a network was determined in terms of the deformation
of elastic links connecting the beads, i.e., deviations from
their natural lengths in the initial ligand-free network.
Details of the computation are found in the Methods and
Supporting Materials and Methods. To conveniently visu-
alize strain propagation, the network links are displayed
bicolored, to distinguish stretching or compression, and
their width is proportional to the magnitude of the respective
deformation. To compare to the designed networks, the
strain propagation was also followed in the initial random
network, which was allosterically inactive. Snapshots
of the strain distribution in all three networks taken at
different time moments during the simulation are shown
in Fig. 4. Movies visualizing conformational motions and
the propagation of strain are provided as Movies S1,
S2, and S3.

In all three networks the strain was first localized in the
vicinity of the allosteric pocket where the ligand was bound.
After that, interactions between other beads also rapidly set
in and the majority of links in domain 1 became deformed.
In the random network, the distribution of strain in domain 1
was rather homogeneous; most links were stretched or com-
pressed at similar levels and there was no distinctive feature
present. In this network, no significant deformations of links
located in the central domain interface region could be de-
tected, and therefore spreading of strain into the second
Biophysical Journal 113, 558–571, August 8, 2017 563



FIGURE 4 Strain propagation. Propagation of strain subsequent to ligand-binding to the allosteric pocket is visualized in the random network and in the

two designed structures. Snapshots taken at different time moments during each simulation are shown in similar perspectives. Network bonds are displayed

bicolored, with blue indicating stretching of the bond and red denoting compression as compared to the corresponding natural bond length. The thickness

encodes the absolute value of strain the link was subject to. To see this figure in color, go online.
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domain during the simulation was practically absent. The
structure of this domain is apparently very stiff, preventing
any internal conformational motions from occurring. Hence,
the random elastic network cannot conduct allosteric
communication. The situation in both designed networks
was completely different. First, after ligand binding to the
allosteric site, conformational motions spread across the
domain interface and generated deformations in the second
domain and in the vicinity of the regulated site. Second, not
all elastic pair interactions in the designed structures were
equally involved in the process of allosteric coupling.
Instead, the temporal distribution of strain shows that
communication between the remote pockets proceeded
through specific subnetworks that were apparently critical
for allostery in the designed structures. Those networks
are formed by a subset of beads connected by springs that
undergo major deformations and, hence, contribute essential
pathways for the spreading of conformational motions from
564 Biophysical Journal 113, 558–571, August 8, 2017
the allosteric site across the structure to the regulated site. In
both designed network structures, such remarkably strained
springs were found in domain 1 and, in contrast to the
random network, in the central domain interface region
and domain 2, where they form sparse clusters of important
pair interactions between beads.

Regions in which the elastic links remained only margin-
ally populated by strain were rather stiff as compared to the
rest of the network. In that regard we observed that the struc-
ture of domain 2 in the designed networks is special. In the
network with symmetric allosteric cooperativity, the two
lobes in the tweezerlike domain structure, each harboring
one of the pocket beads of the regulated site, were found
to be quite flexible whereas the other parts in domain 2
were stiff (see Fig. 4). In the network with asymmetric allo-
steric coupling, the hinge region connecting both lobes ap-
pears to be very flexible instead (see Fig. 4). The specific
pattern of flexibility in the designed networks has apparently



FIGURE 5 Communication chains in designed structures. (A and B)

Elastic links, which are significantly involved in the transport of strain,

are found to form simple connected chains that meander through the struc-

ture and connect the allosteric pocket in domain 1 (green beads, left side)

with the regulated pocket in the remote second domain, domain 2 (green

beads, right side). To see this figure in color, go online.
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emerged during the process of evolutionary optimization to
make opening/closing motions of the regulated site possible,
and hence enable the designed network architectures to
conduct allosteric communication.

The analysis of strain propagation in the designed net-
works clearly reveals functionally important signatures
underlying the investigated types of allosteric coupling.
Nonetheless, the strain distribution was rather complex,
and we therefore aimed to deduce simpler pathways that
could characterize communication between the pockets,
by focusing only on those network springs that carry major
strain (see Methods). Results are shown in Fig. 5. In
both networks, simple chains formed by significantly
deformed adjacent network links were found to meander
from the allosteric pocket in domain 1 via the domain
interface to the regulated pocket in domain 2. Such chains
are composed of a series of stretched springs in domain 1,
that are potentially caused by the closing motion of the
allosteric site. They are further connected to a linkage of
compressed springs located in domain 2, and trigger the
respective allosteric response there.

The identified communication chains are obviously crit-
ical for the transmission of conformational changes between
the domains and therefore may represent a functional skel-
eton, critical for allosteric activity in the designed network
architectures. Immediately, one may pose the question
whether, and to what extent, allosteric coupling can be
maintained if structural changes would be applied to such
motifs.
Robustness of allosteric communication

With regard to the robustness of allosteric communication in
the two designed networks, the intention was not to perform
a systematic screening of the effect of structural perturba-
tions. Instead, the aim was to present a demonstration.
Therefore the analysis of robustness was limited to a few
exemplary structural mutations: those applied to beads
belonging to the identified communication pathways and
on examining their influence on allosteric interactions. In
a first set of simulations, mutations consisting of the deletion
of only a single elastic link between two network beads were
considered. In the realm of proteins, such type of perturba-
tion would roughly correspond to the mutation of a single
amino acid residue, resulting in specific local interactions
disappearing. For each specific mutant network, a single
simulation starting with ligand binding to the allosteric
pocket was carried out and after completion, the response
in the regulated pocket was quantified and the level of allo-
steric communication determined. The results are listed in
Table S1. It is found that allostery in both designed networks
is generally robust with respect to the removal of single in-
teractions. To understand how long-range coupling between
both pockets is maintained in the mutant networks, we have
visualized the propagation of strain and determined commu-
nication pathways for some exemplary cases, similar to
what has been performed for the designed wild-type net-
works (see previous section).

For the network with symmetric cooperativity, three cases
were focused on in more detail, all of which maintained
allosteric activity (see Table S1). They corresponded to a
mutant with one major interaction at the central domain
interface having been removed and another mutant with a
link deleted in domain 2, closer to the regulated pocket.
The computed communication chains in those two mutants
are shown in Fig. S3. Movies of strain propagation in those
two mutant networks are provided as Movies S4 and S5. To
highlight robustness in the first designed network, a third
example, consisting of a double mutant network in which
both selected links were deleted, was also considered
(see Movie S6). For all three mutant networks, we find
that the strain propagation networks as well as the extracted
Biophysical Journal 113, 558–571, August 8, 2017 565



Flechsig
communication chains are very similar to that of the wild-
type networks, except in the vicinity of the respective muta-
tion site (see Fig. 6, A and B; Fig. S3). There it is found that
in the neighborhood of the deleted link, a few bead interac-
tions that in the wild-type network have not played a major
role in the transmission of strain, become important, form-
ing a bridge through which strain was able to side-track
the mutation site (see Figs. 6 B and S3). This result demon-
strates that in the mutant structures, similar communication
pathways are available which, together with the bridge mo-
tifs that compensate the mutation defect, are employed for
the propagation of conformational changes and hence may
provide the foundation for the robustness of allosteric
coupling in this designed network.

For the designed network with asymmetric allosteric
coupling, one mutant structure with a single deleted link
located at the domain interface has been selected for illus-
tration. Despite the mutation, it revealed full allosteric activ-
ity. Propagation of strain subsequent to ligand binding to the
allosteric pocket is shown in Movie S7 and the extracted
communication pathways are depicted in Fig. 6 b. It is found
that the network of bead interactions through which commu-
nication between both pockets was transmitted is rather
complex, with the strain populating large parts of the mutant
FIGURE 6 Communication pathways in mutant structures. Communication c

with the communication pattern obtained from strain propagation in a correspon

(a) are the same as shown in Fig. 5, but here another perspective is chosen for

nication pathways in the 52-197-196 double mutant of the network with symmet

yellow and the two bonds removed between them are shown as transparent. Link

site, are indicated by an ellipse. (b) Given here are communication pathways

coupling. Beads 52 and 185 are displayed in yellow and the deleted link betwe

tained via a complex strain transportation network, and a simple chain, as found

color, go online.
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structure. Hence, in contrast to the wild-type network, allo-
steric coupling in this mutant does not proceed via simple
communication chains.

Although, generally, allosteric communication in both de-
signed networks was found to be robust with respect to the
deletion of a single bead interaction, there were still a few
critical mutations that involved a drastic decrease in the
coupling between both pockets. They can correspond to per-
turbations in the vicinity of either pocket, or are located at
the domain interface (see Fig. S2, A and B). In the final
step of investigations, the effect of stronger mutations was
considered, where an entire bead was deleted in a simulation
of each network. Those perturbations typically led to a
remarkable drop or even complete knockout of allosteric
communication (see Table S1).
Application to allostery in proteins

In this article, two prototype coarse-grained architectures of
fictitious allosteric proteins have been successfully designed
and investigated. In the final part of the article, it is demon-
strated that the developed modeling approach, the analysis
of strain propagation, and the methods to quantify and
visualize communication pathways, can be applied in the
hains in the designed wild-type network structures (A and a) are compared

ding selected mutant structure (B and b). Communication chains in (A) and

better comparison with the mutant structures. (B) Shown here are commu-

ric allosteric coupling. Beads with index 52, 197 and 196 are highlighted in

s that, in this mutant, became important to redirect strain over the mutation

in the 52-185 mutant of the designed network with asymmetric allosteric

en them is transparent. Allosteric communication in this mutant was main-

in the wild-type, was not available (compare a and b). To see this figure in
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structure-based investigation of real allosteric proteins. For
the purpose of demonstration, the modeling scheme was
applied to the popular myosin V (myoV) molecular motor,
which steps along actin filaments operating as a processive
cargo transporter (40). In molecular motors, the nucleotide
pocket (where chemical events, consisting of ATP-binding
and hydrolysis, take place) is typically spatially remote
from the site where mechanical forces are exerted, e.g., on
filaments, and allosteric regulation between them is essen-
tial for chemo-mechanical coupling and the motors’ func-
tional activity.

Here, for the myoV motor domain (41), allosteric
communication between the ATP-binding pocket and the
actin-binding cleft was investigated. In the following, con-
cepts and results are focused on whereas an in-detail
description of the undertaken modeling can be found in
the Supporting Materials and Methods. First, an elastic
network of the nucleotide-free motor domain of myoV
was constructed. Then, binding of an ATP molecule was
emulated by applying precise forces only locally to the
nucleotide-binding pocket, dynamically steering it to the
experimentally known conformation that was complexed
to an ATP analog (41). During this simulation, the entire
conformational dynamics in myoV was monitored, and allo-
steric transduction of motions from the nucleotide-binding
pocket to the actin cleft detected.

It is found that localized ATP-related dynamics, consist-
ing of relative motions of the P-loop and switch I and II in-
side the nucleotide-binding pocket, was remarkably well
reproduced. Initially, residues of the free pocket compared
well with an RMSD of 2.4 Å to those corresponding to
the ATP-bound conformation, although during the simula-
tion, the RMSD dropped to zero (see Fig. S4), indicating
that, locally, motions that corresponded to ATP-binding in
myoV were perfectly reproduced. Furthermore, in response
to ATP-binding to its pocket, it is found that conformational
changes within the entire motor domain slowly set in and
large-amplitude relative motions of the L50 and U50 were
generated. As a result of these motions, the actin-binding
cleft also underwent changes and significantly opened up
(changes of 3.5 Å; see Fig. S4). In Movie S8, conforma-
tional motions during the allosteric transition in myoV
are visualized, and in Fig. 7 A, the initial free conformation
and that obtained after ATP-binding are superimposed,
highlighting domain rearrangements and the coupled allo-
steric conformational changes between the nucleotide
pocket and the actin site.

Next, to elucidate mechanical aspects of allostery in
myoV, strain propagation was analyzed, employing the
same methods developed for the designed artificial protein
networks. In Movie S9, propagation of strain subsequent
to ATP-ligand binding is visualized, and snapshots taken
at different time moments during the simulation are pro-
vided in Fig. S5. It was found that ATP-binding generated
significant strain that was localized near the ATP motifs
and further spread into the regions around the actin cleft.
We observed that propagation of strain from the ATP-pocket
to the actin site proceeded through well-defined subnet-
works formed by spring connections that underwent signif-
icant deformations. The identified pathways and chains
found to be essential for strain transport are shown in
Fig. 7 B. Remarkably, regions in which strain was accumu-
lated primarily coincided with the structural motifs of
conserved residues that are critical for the mechanochem-
istry of the myoV motor. First, due to ATP-binding, consid-
erable strain is localized to the P-loop, switch I, and switch
II motifs, and in the regions bridging them, e.g., near the
entrance to the ATP-pocket. Second, there are definite and
pronounced transport pathways reaching from the switch I
and switch II motifs into the L50 domain from where they
meander further into the actin site (see Fig. 7 B). There,
strain occupied critical motifs involved in interactions
with actin filaments, e.g., the activation loop, the HCM
loop, and the strut. The latter region provides the flexible
FIGURE 7 Allosteric regulation in myosin V. In

(A), the nucleotide-free structure of the myoV mo-

tor domain (shown as transparent) and the confor-

mation obtained after modeling of ATP-binding (as

solid) are superimposed. Significant opening of the

actin-binding cleft resulting from allosteric inter-

actions with the ATP-binding pocket was observed.

Major domains are colored red and blue, and struc-

tural motifs involved in ATP-binding and interac-

tions with actin are also highlighted. In (B), the

identified communication pathways underlying

allosteric regulation in myoV are shown. Coding

of color and bond strength is similar to that used

in the analysis of the designed networks (Figs. 4

and 5). Localization of elastic strain in the ATP

and actin interaction motifs together with transport

chains between them are clearly visible. Essential

regions are marked by yellow arrows. To see this

figure in color, go online.
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linker between L50 and U50 domains and its strained state
may explain opening of the actin cleft.

Exemplary mutations applied near the conserved motifs
turned out to significantly reduce allosteric coupling in
myoV (details are given in Supporting Materials and
Methods).

Application of the modeling scheme, developed to design
prototype structures with optimal allosteric coupling, was
demonstrated here for the so-called ‘‘rigor state’’ (nucleo-
tide-free, actin-bound) to ‘‘postrigor’’ state (ATP-bound,
detached from actin) transition in the myosin V protein.
This transition is well investigated experimentally, and
based on previous computational studies (e.g., (37,42)). In
our simulations, the local conformational dynamics related
to binding of an ATP ligand as well as the concomitant
actin-site opening resulting from allosteric coupling was
remarkably well reproduced, evidencing the applicability
of the developed approach to the realm of protein allostery
(see Discussion). Analysis of strain propagation revealed
distinct functional signatures of intramolecular communica-
tion, and hence may provide interesting novel aspects for a
mechanistic-level explanation of the allosteric regulation in
myosin V.
DISCUSSION

The phenomenon of allosteric coupling between different
functional regions within a macromolecular structure is
ubiquitously present in proteins and therefore raises
important questions about the fundamental nature of the un-
derlying mechanisms. In contrast to typically employed
structure-based modeling of protein dynamics, a different
methodology toward approaching such essential problems
is presented in this article. Instead of considering real
protein structures, artificial analog structures that encode
pronounced long-range allosteric coupling between two
spatially remote pockets were designed. The structures
were represented by elastic networks, similar to the
coarse-grained models widely used to describe conforma-
tional dynamics of real proteins.

A force-probe scheme consisting of ligand-binding to
the allosteric pocket, following conformational motions
spreading over the structure, and detecting the response
generated in the regulated pocket, was implemented to eval-
uate the ability of the network to conduct allosteric commu-
nication. Initially starting with a random elastic network,
which did not reveal any allostery, a scheme of evolutionary
optimization was iteratively applied to design two proto-
type elastic-network structures with perfected allosteric
coupling, one with symmetric and the second with asym-
metric cooperativity.

In the designed networks, well-defined pathways and
simple chains of important interactions, established by
only a few network beads, were identified to constitute the
signatures that underlie allosteric communication. Remote
568 Biophysical Journal 113, 558–571, August 8, 2017
interactions were robust even if minor structural perturba-
tions were applied. However, a single critical mutation
could knock out completely allosteric communication in
the designed networks.

Whereas the first descriptions of allosteric systems,
namely the MWC and the KNF models (43,44), were
formulated more than 50 years ago in the absence of any
structural data and were thus of a phenomenological nature,
the development of very sophisticated experimental tech-
niques and the vast amount of protein structures becoming
available in the last decades have since allowed us to inves-
tigate allosteric communication in proteins on the molecular
level and led to a decent understanding of the mechanism
underlying allostery in several role model proteins. In the
recent past, structure-based computational modeling, aim-
ing to follow the conformational motions as the underpin-
ning of allosteric effects in proteins, has gained a lot of
attention. In particular, due to the timescale gap present in
atomistic-level MD simulations, coarse-grained elastic
network models that are limited to the mechanical aspect
of protein operation became very popular to investigate
slow allosteric transitions with timescales beyond the
microsecond range. In those studies, the analysis of confor-
mational changes is typically based on the computation of
normal modes, and allosteric effects are discussed in terms
of short- and long-ranged correlations of amino-acid residue
displacements.

The aim in this study was to present a model that empha-
sizes the mechanical picture of allosteric systems. There-
fore, the elastic network model was used. Here, however,
the full elastic dynamics of the network was considered
by always numerically integrating the nonlinear equations
of motion and monitoring processes of conformational
relaxation; no linearization was performed and the confor-
mational dynamics beyond the limiting normal mode
approximation could be followed. As a consequence, this
model has the obvious advantage that it can resolve the tem-
poral order of events that eventually establish allosteric
communication in the network structures, starting from
forces and strains that were first generated locally at the
allosteric site as a consequence of ligand binding, followed
by the subsequent propagation of conformational motions
via the domain interface, to finally induce structural
changes in the remote regulated pocket. This model, there-
fore, naturally includes causality as the guiding principle
to manifest allosteric communication, and therefore is
richer in its explanatory power compared to correlation-
based analyses.

This model emphasizes the structural viewpoint of allo-
stery (as described in (1)) in which allostery is regarded
as a consequence of optimized communication between
the remote functional sites, established through the propa-
gation of strain along pathways that are formed by a set
of interacting residues. The employed elastic network
description clearly implies limitations. All network particles
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are of the same kind and physical interactions between them
are incorporated into empirical effective potentials; thermal
fluctuations were also neglected for simplicity. Despite such
gross simplifications, the dynamical properties of the de-
signed prototype allosteric structures reveal remarkable
similarities with those found in real allosteric proteins: 1)
specific parts of the structure are flexible, whereas other re-
gions form stiff clusters; 2) the propagation of conforma-
tional changes that results in the long-range coupling of
the remote sites proceeds through communication pathways
involving only a few of the many intrastructural interac-
tions; and 3) single critical mutations can knock out allo-
steric coupling.

Application of the modeling scheme to the rigor-to-post-
rigor transition in the myosin V molecular motor correctly
reproduced the conformational dynamics corresponding
to the ATP-binding related detachment from actin fila-
ments via allosteric transduction. Despite the complexity
of chemo-mechanical operation, simple communication
pathways were identified that underlie allosteric coupling
in this protein motor. Hence, the applicability of the devel-
oped approach to investigate protein allostery is demon-
strated. Moreover, commonalities between the designed
prototype networks and a real protein is exemplified.
Although the artificial network structures have emerged as
a result of simplified in silico evolution, they share func-
tional properties with a protein structure that underwent
real biological evolution to encode allosteric dynamics.

In summary, we may conclude that the designed elastic
network structures can provide suitable physical models
for the mechanics of complex allosteric biomolecules,
such as proteins.

It should be remarked that the evolutionary pressure
imposed in the design process consisted only in magnifying
changes in the regulated pocket in response to ligand-
induced changes in the allosteric pocket; no other require-
ments were imposed and the dynamical properties that
actually improved allosteric communication in the evolving
structures emerged autonomously. However, in future
studies, design algorithms that involve coevolution can
also be implemented and multiple optimization criteria
can be imposed. Moreover, in future studies, the design
and analysis of a larger number of allosteric elastic networks
can be undertaken. That would allow us to compare proper-
ties such as communication pathways among them and
possibly draw conclusions on the generality of such dynam-
ical motifs.

Previously, the relaxational elastic-network approach em-
ployed in this study was already applied to model ATP-
related dynamics in protein machines and to investigate
allosteric coupling (35,36,45). Whereas in those studies
allosteric coupling was only qualitatively discussed, the
approach presented here may generally be applied in struc-
ture-based modeling and help in understanding important
mechanistic aspects of protein allostery.
Added note

After finishing the article I became aware of two quite
recently appeared works, in which the design of mechanical
networks with allosteric coupling had also been undertaken
(46,47). There, however, different computational algo-
rithms were used and optimization of allosteric coupling
was performed within the linear response limitation; the un-
derlying network architectures were also very different
(e.g., 2D on-lattice models (46)). Both works principally
demonstrate the applicability of design processes to obtain
desired responses. The design process introduced in my
article was developed completely independently and all re-
sults were presented already in January 2016 (see (48)).
Besides other differences, its principal distinction is that
during the design process, the allosteric response was opti-
mized by always considering the full nonlinear elastic dy-
namics of the networks. The importance of nonlinearities
for protein function involving allostery has previously
been evidenced (e.g., in (49,50)). The network architectures
used in my study resemble more closely the 3D compact
fold of real proteins; in fact, the designed networks can
be regarded as coarse-grained representations of fictitious
protein structures. Most importantly, this work goes beyond
developing the design process. In fact, the main emphasis
here was put on understanding mechanical properties un-
derlying long-range communication in the designed net-
works; this was achieved by visualizing and analyzing
propagation of strain, extracting communication pathways
and chains that were critical for allosteric coupling,
and investigating robustness of the designed functional
properties.
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