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Simulations of allosteric transitions

Ron Elber

Allosteric transitions are one of the subtler mechanisms used
by nature to fine tune protein activity. Effector binding to a
specific site on the protein surface induces significant activity
change, and initiates a conformational transition that frequently
includes domain motions and is very large. From a theoretical
and biophysical perspective two problems are particularly
intriguing. The first is the way in which a launching signal, which
is spatially confined and includes only a few interacting atoms,
is propagated to a large-scale conformational transition we
frequently see in allosteric transitions. Hence, there is the
question of how a small perturbation is magnified to yield
motions of thousands of atoms. The second puzzle is of focus,
coherence, and efficiency. The impact of the binding of the
effector is sometimes extended over tens of angstroms. How
the signal is transmitted and kept significant over such large
distances in the ‘noisy’ molecular environment is another major
direction of investigation. In the present review we examined
different theoretical and computational attempts to solve the
questions.
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Living systems are using controlled and subtle modifi-
cations of protein structures to alter activity, to respond to
environmental changes, and to better manipulate cellular
processes. Allosteric transitions are examples of such
events and are the focus of the present manuscript. We
emphasize theory and methodologies used to study these
transitions rather than specific applications and outcomes.
These transitions are induced by binding of effectors
(typically small molecules), which are followed by adjust-
ments of the structure and function of the proteins.

Shifts in protein conformations during allosteric tran-
sitions can be spatially large but are rarely complex. By

‘rarely complex’ we mean that typical allosteric motions
usually include quaternary shifts (as proposed by Monod
et al. in 1965 [1]), or more local displacements as a few side
chain transitions or rearrangements of solvation shells
[2,3]. These motions are described qualitatively by a
small number of coarse variables and are therefore not
complex. Only rarely more elaborate events such as
partial folding and unfolding are found in allosteric tran-
sitions. For example, the conversion of a helix to an
extended chain during an allosteric transition is an event
that we do not find frequently [4].

If the ‘rarely complex’ hypothesis is correct in the general
case, it suggests that the binding of effector tilts the free
energy surface toward the alternate conformation in a
small number of coarse-grained variables, supporting
quick and efficient search to end products. Extreme cases
will have one coarse variable to follow (the reaction
coordinate). The reaction path defines a tube in which
most reactive trajectories pass. Identifying these few
coarse variables, and illustrating their capacity to quan-
titatively explain functional data, charts a clear path to the
solution of the allosteric problem. Functional data may
include kinetic and thermodynamic measurements of the
transitional events and variations of the last upon point
mutations.

What is an ideal simulation of an allosteric transition (at
least in the author’s view)? An ideal simulation will make
it possible to first, follow sequence of events and under-
stand the process at a microscopic and coarse-grained
levels; second, follow biochemical variations of the pro-
cess and explain subtle changes in function at residue and
atomic resolution; and third, have ample opportunities to
compare computational data to experiments. The last
point is particularly important since a significant role of
simulations is to provide a unified picture. The simulation
should bring together multiple experimental probes of
different components of the process to create a single
coherent model.

All the approaches discussed in this article are models
based on physics. We critically relate these technologies
to the ideal simulation mentioned above. For better
focus, we do not discuss approaches that use evolutionary
data, though interesting information on critical residues
can be extracted from multiple sequence alignments of
allosteric proteins (e.g. [5]).

The following computational approaches of allosteric
transitions are considered: first, elastic networks [6-10];
second, Go models [11,12,13°] and other simplified
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approaches [14°,15]; third, atomic reaction coordinates
[16,17°,18-21]; forth, (relatively) short time atomically
detailed simulations to examine local events of allostery
[22,23°,24]; and fifth, atomically detailed simulations of
the whole transition using theories of long-time dynamics
[17°,18].

An approach that has become popular in the last few years
because of its simplicity is the Elastic Network Model
(ENM) [9,14,19,25-27,28°]. It represents ‘continuum of
protein matter’ by a selected set of point masses that are
frequently placed at the coordinates of the alpha carbons.
However, there are many choices, and an alternative
follows predetermined electronic density [29]. Each of
the points is connected by springs to neighbors deter-
mined by proximity. The actual chemical connectivity
and diversity of interaction strengths between sites are
disregarded in most cases. The lowest frequency modes
of the ENM provide soft directions of motion that were
conjectured to shape allosteric transitions and to imply a
reaction coordinate [10,25,30,31]. Analysis of network
structure also helped identify critical residues by solving
a master equation and follow signal propagation in the
network [32]. Another intriguing view is the perturbation
and stability analyses [10]. It is argued that modes that are
biologically important are insensitive to perturbation
(mutation). The analysis of the myosin—actin system
was particularly intriguing [14°].

A few drawbacks come to mind. An ENM has one
harmonic minimum while a conformational transition
requires at least two mechanically stable states. The
plastic network model is an interpolation between two
ENMs [33] making it possible to define a reaction coor-
dinate. In conjunction with functional optimization [19] it
sometimes provides a sensible reaction path [28°].
Another drawback is the limitation to large-scale motions.
If the transition is localized, or have localized events (e.g.
the allosteric transition in Scapharca hemoglobin is domi-
nated by one side chain transition [3]), ENM cannot
capture it. Of course, the effector binding is a local
transition. Finally, testing ENM-generated hypotheses
is limited. Coarse-grained ENM structures are compared
to trapped experimental structures assumed to be along
the reaction pathway [15,33].

More detailed coarse-grained approaches are provided by
the Self Organizing Polymer (SOP) [14°] and the Go
model [11,12,13°]. Coarse-grained models are used at
the atomic or residue levels and the solvent is modeled
implicitly. The Go model also adds a potential bias
toward the native conformation. Both approaches retain
correct chemical bonding and sequence details and there-
fore able to better connect between the global transition
and local binding, like in the analysis of kinase [13°].
These coarse-grained theories provide mechanistic and
thermodynamic properties. It is more difficult to use them

for the study of kinetics. While useful estimation of
kinetics has been made and interesting kinetic hierarchy
was pointed out [13°], some clever theoretical and mod-
eling choices are made. The lack of explicit solvation
requires a friction kernel or an approximation to it that are
difficult to obtain from first principles. Native contacts are
set to make specific contribution to the energy, and the
impact on kinetics is not obvious.

A technique that brings in atomic energy and microscopic
details at moderate cost is the calculation of a reaction
coordinate. Most algorithms for computing reaction path-
ways in large systems are global in nature (the whole path
is considered). Examples are the LUP [34], the related
algorithms NEB [35] and the zero-temperature string
[36], and other functionals [37]. In this formulation
equations for the whole curve are derived and solved
simultaneously. For example, a minimum of the following

action § = rlzzoc‘:;;: VVU'NVUd!l provides the Steepest
Descent Path (SDP) [37] (U is the potential energy
and 4/ is a length clement along the path). Recent
examples of application of the functional approach for
allosteric transitions are in [17°,18]. Yet another technique
(conjugate peak refinement [16]) was used to study the
recovery stroke in myosin and an intriguing mutation for
myosin II recovery was proposed, a prediction which was
verified experimentally [38,39].

However, some challenges remain. First, a reaction coor-
dinate does not provide kinetics and thermodynamics.
Second, searches for SDP are usually limited to the
neighborhood of the initial guess of the path. Therefore
the significance of a computed path is not known since
alternative pathways are rarely explored. One solution to
the problem is to estimate reaction coordinates that are
temperature dependent. Targeted Molecular Dynamics
(TMD) [40] is a finite temperature molecular dynamic
trajectory that is biased toward the products using an
additional constraint and was applied to allosteric pro-
blems [41]. It suggested a different mechanism of the
myosin recovery stroke compared to Minimum Energy
Path (MEP) [16] that coupled global motions to ATP
binding and therefore expanded the search for alternative
pathways. However, the computed TMD path is bias
dependent and the connection to function (a similar
restriction is present in MEP) is unclear. A promising
direction is the use of minimum free energy pathways
[42] that enable estimation of local thermodynamics.

The advantage of the reaction path approach is that full
atomic picture is retained. The disadvantages are views
confined to the neighborhood of a path (a tube around the
one-dimensional coarse variable) and the necessity to
conduct additional calculation to determine thermodyn-
amics and kinetics. Specifically for allosteric transitions,
empirical observations suggest a relatively small number
of coarse-grained variables, supporting the idea of
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reaction tube. On the other hand, lessons from protein
folding [43] suggest that for complex systems multiple
pathways are more efficient route to product.

Molecular Dynamics (MD) is a promising candidate for
‘ideal’ simulation technology. The functional form and
parameters of the energy function are obviously not
perfect; however, they are independent of the allosteric
problem at hand, which is clearly an advantage. The
significant drawback of MD is that typical times of
MD simulations are too short to study kinetics and
thermodynamics of allostery. A few trajectories were
pushed with clever partial ligation states to a rapid,
computationally induced, allosteric transition [44] in Sca-
pharca hemoglobin. However, this example is an excep-
tion and a few (or one) trajectories are not sufficient for
kinetic or thermodynamic calculations. Recent investi-
gations focused on local events such as the escape of P;
from the binding site in myosin [23°].

Considerable progress was made in the last few years in
developing techniques to study long-time dynamics at
atomic details. A focus was on rare events in which the
system passes rapidly (but infrequently) over a signifi-
cant (free) energy barrier. Of interest are TIS (T'ransition
Interface Sampling) [45], PP'TIS (Partial Path Transition
Interface Sampling) [46], Forward Flux [47] and Mile-
stoning [48]. All these methods build on the availability
of a reaction coordinate. Transition events are recorded
on interfaces along the reaction coordinate, collecting
information from short trajectory fragments (see illus-
tration in Figure 1). The generation of the short trajec-
tories and their processing differ from method to method.
The TIS and the Forward Flux are exact techniques;
however, the focus on short (rare) trajectories makes
them inappropriate for allosteric transitions dominated
by diffusive dynamics and individually long trajectories.
Both PPTIS and Milestoning are aimed at diffusive
processes and are quite similar in their assumptions of
phase space decorrelation between interfaces or Mile-
stones. Applications of PPTIS were for an assumed
reaction coordinate (e.g. a particular bond rotation). It
is not a trivial matter to guess a reasonable reaction
coordinate for allosteric transitions (e.g. the myosin
recovery stroke). The use of a computed reaction coor-
dinate by functional methods [37] is therefore vital and
enables the application of Milestoning to two allosteric
systems (Scapharca hemoglobin [18] and myosin [17°]).
These applications compared favorably with experimen-
tal data yielding additional insight into mechanisms. For
example it was suggested that the entropy of switch II,
computed from the atomically detailed simulations, is a
drive to force release in myosin.

In Milestoning [49°,50] we start with a set of structures
distributed along a one-dimensional reaction coordinate.
Hypersurfaces orthogonal to the reaction coordinate
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A schematic view of Milestones along a reaction coordinate. The curved
line is the reaction coordinate and the ‘planes’ (lines in two dimensions)
are the Milestones. Trajectories initiated at a Milestone (the red trajectory
is initiated from Milestone /") are integrated until they hit for the first time
another Milestone (Milestone ‘i + 1’ in the example below). The statistics
of terminating trajectories is used to estimate the transition kernel and
the overall kinetics and thermodynamics (see text for more details).

define Milestones. First we sample configurations at
equilibrium constrained to each of the interfaces. Second
we release the constraints and run unconstrained trajec-
tories until they ‘touch’ for the first time another mile-
stone and terminate. We bin the terminating trajectories
and estimate the kernel K| ¢(7) which is the probability
density that a trajectory starting at Milestone s will
terminate at Milestone s after time 7 Since the Mile-
stones are close to each other the trajectories terminate
quickly. The short trajectories are independent and run
using massive (and trivial) parallelism allowing for effi-
cient estimate of the kernel. The kernel includes only
local transition information, but is sufficient to determine
the equilibrium and kinetic of the system using a stat-
istical mechanic theory [48,50,51]. For example the
mean first passage time (T) is dletermined by (1) =
V[t K(r) fr- [I— [[°K(r)d7] P(0) where K(7) is
the matrix with elements K| /(1) and P(0) the vector of
initial conditions. I is the identity matrix and 1 is a vector
with all elements 1. The time scale for allosteric tran-
sition in myosin II was ~0.1-1 ms [17°] which is not at
significant variation from the experiment (~1 ms). In
Figure 2 we illustrate the transition by overlapping
structures of myosin along the reaction path of the
recovery stroke. Hence Milestoning makes it possible
to use a computed reaction coordinate and to build a
bridge to thermodynamics and Kkinetics. At the least it
can be used to test kinetics and thermodynamics of a
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Figure 2
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Sample structures from a reaction coordinate calculation for the myosin
recovery stroke. There are 241 structures along the reaction coordinate
for which only 15 are shown in the figure. The reaction coordinate is
computed with the functional approach and is used to initiate a
Milestoning calculation. The ATP is shown using a space filling model
and the arm is on the left. See text for more details. The figure was
prepared with the graphic module of the MOIL program [57] http://
clsb.ices.utexas.edu/prebuilt/.

proposed mechanism (reaction path) against experiment
and a proposed path.

The most significant limitation of the approaches men-
tioned above is that they generate trajectories in the
neighborhood of a reaction coordinate. Techniques that
avoid the use of a reaction coordinate are known, for
example, Markov State Models [52°-55°], Markovian
Milestoning [56], and Directional Milestoning [49°].
The Markov State Model is an analysis and an extension
of initial MD trajectories. The trajectories provide the
scaffold for more detailed exploration of phase space and
enhanced sampling between metastable states by short
trajectories in the spirit of the technologies mentioned
earlier. However, MD trajectories between allosteric
states are extremely hard to sample directly. This is
the promise of computed reaction coordinates in provid-
ing the initial scaffold. At present only Milestoning com-
bines the use of a computed reaction coordinate with the
evaluation of a transition operator based on short trajec-
tories. In conjunctions with methods like Directional
Milestoning [49°], the search space can start with a single
reaction coordinate and expand to higher dimension if the
short trajectories drift from the central tube. This com-
bination is likely to get us closer to an ideal simulation of
allostery.

Acknowledgement
This paper was supported by NIH grant GM59796.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Monod J, Wyman J, Changeux JP: On nature of allosteric
transitions—a plausible model. J Mol Biol 1965,
12:88-118.

2. Knapp JE, Pahl R, Srajer V, Royer WE: Allosteric action in
real time: time-resolved crystallographic studies of a
cooperative dimeric hemoglobin. Proc Nat/ Acad Sci U S A 2006,
103:7649-7654.

3. Knapp JE, Bonham MA, Gibson QH, Nichols JC, Royer WE:
Residue F4 plays a key role in modulating oxygen affinity and
cooperativity in Scapharca dimeric hemoglobin. Biochemistry
2005, 44:14419-14430.

4. Geeves MA, Holms KC: The Molecular Mechanism of Muscle
Contraction. Advances in Protein Chemistry, vol 71. Edited by
Squire JM, OParry DA. Amsterdam: Elsevier; 2005. 161-193.

5. Chen J, Dima RI, Thirumalai D: Allosteric communication in
dihydrofolate reductase: signaling network and pathways for
closed to occluded transition and back. J Mol Biol 2007,
374:250-266.

6. Bahar |, Lezon TR, Yang LW, Eyal E: Global dynamics of
proteins: bridging between structure and function. Annu Rev
Biophys 2010, 39:23-42.

7.  Kurkcuoglu O, Turgut OT, Cansu S, Jernigan RL, Doruker P:
Focused functional dynamics of supramolecules by use of a
mixed-resolution elastic network model. Biophys J 2009,
97:1178-1187.

8. Jernigan RL, Yang L, Song G, Kurkcuoglu O, Doruker P: Elastic
network models of coarse-grained proteins are effective for
studying the structural control exerted over their dynamics.
Coarse-Graining of Condensed Phase and Biomolecular Systems.
2009:. 237-254.

9. Zheng WJ, Brooks BR, Thirumalai D: Allosteric transitions in
biological nanomachines are described by robust normal
modes of elastic networks. Curr Protein Pept Sci 2009,
10:128-132.

10. Zheng WJ, Thirumalai D: Coupling between normal modes
drives protein conformational dynamics: illustrations using
allosteric transitions in myosin Il. Biophys J 2009,
96:2128-2137.

11. Hyeon C, Onuchic JN: Internal strain regulates the nucleotide
binding site of the kinesin leading head. Proc Natl Acad Sci U S
A 2007, 104:2175-2180.

12. Hyeon C, Onuchic JN: Mechanical control of the directional
stepping dynamics of the kinesin motor. Proc Nat/ Acad Sci U S
A 2007, 104:17382-17387.

13. Hyeon C, Jennings PA, Adams JA, Onuchic JN: Ligand-induced

e global transitions in the catalytic domain of protein kinase A.
Proc Natl Acad Sci U S A 2009, 106:3023-3028.

An intriguing application of a Go model to speed up conformational

transitions in kinase and make it accessible to straightfrward simulations.

14. Tehver R, Thirumalai D: Rigor to post-rigor transition in myosin

e V:link between the dynamics and the supporting architecture.
Structure 2010, 18:471-481.

A useful way to reduce errors in coarse grained modelling is to use more

than a single coarse grain model. Here an Elastic Network model is used

to address path properties and SOP model to investigate kinetics.

15. Tekpinar M, Zheng WJ: Predicting order of conformational
changes during protein conformational transitions using an
interpolated elastic network model. Proteins Struct Funct
Bioinform 2010, 78:2469-2481.

16. Fischer S, Windshugel B, Horak D, Holmes KC, Smith JC:
Structural mechanism of the recovery stroke in the
myosin molecular motor. Proc Natl Acad Sci U S A 2005,
102:6873-6878.

Current Opinion in Structural Biology 2011, 21:167-172

www.sciencedirect.com


http://clsb.ices.utexas.edu/prebuilt/
http://clsb.ices.utexas.edu/prebuilt/

17. Elber R, West A: Atomically detailed simulation of the recovery

e stroke in myosin by Milestoning. Proc Nat/ Acad Sci U S A 2010,
107:5001-5005.

An atomically detailed model of the recovery stroke in myosin (with

exception of ATP processing) using a combination of functional optimiza-

tion of reaction coordinate and Milestoning.

18. Elber R: A milestoning study of the kinetics of an allosteric
transition: atomically detailed simulations of deoxy Scapharca
hemoglobin. Biophys J 2007, 92:L85-L87.

19. Majek P, Elber R, Weinstein H: Pathways of conformational
transitions in proteins. Coarse-Graining of Condensed Phase
and Biomolecular Systems. 2009:. 185-203.

20. YuHB, Mal, Yang Y, Cui Q: Mechanochemical coupling in the
myosin motor domain. l. Insights from equilibrium active-site
simulations. PLoS Comput Biol 2007, 3:199-213.

21. Amaro RE, Sethi A, Myers RS, Davisson VJ, Luthey-Schulten ZA: A
network of conserved interactions regulates the allosteric
signal in a glutamine amidotransferase. Biochemistry 2007,
46:2156-2173.

22. Yang, Yu HB, Cui Q: Extensive conformational transitions are
required to turn on ATP hydrolysis in myosin. J Mol Biol 2008,
381:1407-1420.

23. Cecchini M, Alexeev Y, Karplus M: Pi release from myosin: a

e simulation analysis of possible pathways. Structure 2010,
18:458-470.

An intriguing computational search for plausible escape pathways of Pi

outside the binding site of ATP in myosin. The use of an approximate

mean field simulation technique is appropriate and provides useful pre-

dictions of reaction coordinates.

24. Ovchinnikov V, Trout BL, Karplus M: Mechanical coupling in
myosin V: a simulation study. J Mo/ Biol 2010, 395:815-833.

25. Xu CY, Tobi D, Bahar I: Allosteric changes in protein structure
computed by a simple mechanical model: hemoglobin T — R2
transition. J Mol Biol 2003, 333:153-168.

26. Tehver R, Chen J, Thirumalai D: Allostery wiring diagrams in the
transitions that drive the GroEL reaction cycle. J Mol Biol 2009,
387:390-406.

27. Zheng WJ, Brooks BR, Thirumalai D: Low-frequency normal
modes that describe allosteric transitions in biological
nanomachines are robust to sequence variations. Proc Nat/
Acad Sci U S A 2006, 103:7664-7669.

28. Yang Z, Majek P, Bahar I: Allosteric transitions of
e supramolecular systems explored by network models:
application to chaperonin GroEL. PLoS Comput Biol 2009, 5:.
A refreshing attempt of a rigorous use of elastic network model to
compute transition states and reaction pathways by the use of the plastic
network model and an optimization of a functional. The assumption that
the pathways are imprinted in the normal modes of the stable states of
proteins is discussed.

29. Ming D, Kong YF, Lambert MA, Huang Z, Ma JP: How to describe
protein motion without amino acid sequence and atomic
coordinates. Proc Nat/ Acad Sci U S A 2002, 99:8620-8625.

30. Zheng WJ: Normal-mode-based modeling of allosteric
couplings that underlie cyclic conformational transition in F-1
ATPase. Proteins Struct Funct Bioinform 2009, 76:747-762.

31. Cecchini M, Houdusse A, Karplus M: Allosteric communication
in myosin V: from small conformational changes to large
directed movements. PLoS Comput Biol 2008, 4.

32. Chennubhotla C, Bahar I: Signal propagation in proteins and
relation to equilibrium fluctuations. PLoS Comput Biol 2007,
3:1716-1726.

33. Maragakis P, Karplus M: Large amplitude conformational
change in proteins explored with a plastic network model:
adenylate kinase. J Mol Biol 2005, 352:807-822.

34. Ulitsky A, Elber R: A new technique to calculate steepest
descent paths in flexible polyatomic systems. J Chem Phys
1990, 92:1510-1511.

35. Jonsson H, Mills G, Jacobsen KW: Nudged elastic band method
for finding minimum energy paths of transitions. In Classical

Simulations of allosteric transitions Elber 171

and Quantum Dynamics in Condensed Phase Simulations. Edited
by Berne BJ, Ciccotti G, Coker DF. Singapore: World Scientific;
1998.. 385-403.

36. Ren EWNWQ, Vanden-Eijnden E: String method for the study of
rare events. Phys Rev B 2002, 66:4.

37. Olender R, Elber R: Yet another look at the steepest descent
path. Theochem J Mol Struct 1997, 398:63-71.

38. Malnasi-Csizmadia A, Toth J, Pearson DS, Hetenyi C, Nyitray L,
Geeves MA, Bagshaw CR, Kovacs M: Selective perturbation of
the myosin recovery stroke by point mutations at the base of
the lever arm affects ATP hydrolysis and phosphate release. J
Biol Chem 2007, 282:17658-17664.

39. Kintses B, Yang ZH, Malnasi-Csizmadia A: Experimental
investigation of the seesaw mechanism of the relay
region that moves the myosin lever arm. J Biol Chem 2008,
283:34121-34128.

40. Schlitter J, Engels M, Kruger P: Targeted molecular-
dynamics — a new approach for searching pathways of
conformational transitions. J Mol Graph 1994, 12:84-89.

41. Yu H, Ma L, Yang Y, Cui Q: Mechanochemical coupling in the
myosin motor domain. Il. Analysis of critical residues. PLoS
Comput Biol 2007, 3:214-230.

42. Ren EWWQ, Vanden-Eijnden E: Finite temperature string
method for the study of rare events. J Phys Chem B 2005,
109:6688-6693.

43. Bryngelson JD, Onuchic JN, Socci ND, Wolynes PG: Funnels,
pathways, and the energy landscape of protein-folding — a
synthesis. Proteins Struct Funct Genet 1995, 21:167-195.

44. Zhou YQ, Zhou HY, Karplus M: Cooperativity in Scapharca
dimeric hemoglobin: simulation of binding intermediates and
elucidation of the role of interfacial water. J Mol Biol 2003,
326:593-606.

45. van Erp TS, Moroni D, Bolhuis PG: A novel path sampling
method for the calculation of rate constants. J Chem Phys
2003, 118:7762-7774.

46. Moroni D, Bolhuis PG, van Erp TS: Rate constants for diffusive
processes by partial path sampling. J Chem Phys 2004,
120:4055-4065.

47. Allen RJ, Frenkel D, ten Wolde PR: Forward flux sampling-type
schemes for simulating rare events: efficiency analysis. J
Chem Phys 2006, 124:17.

48. Faradjian AK, Elber R: Computing time scales from
reaction coordinates by milestoning. J Chem Phys 2004,
120:10880-10889.

49. Majek P, Elber R: Milestoning without a reaction coordinate. J
e  Chem Theory Comput 2010, 6:1805-1817.

Milestoning, the method for long time simulations along a reaction
coordinate, has been extended and the need for a reaction coordinate
has been removed.

50. West AMA, Elber R, Shalloway D: Extending molecular dynamics
time scales with milestoning: example of complex kinetics in a
solvated peptide. J Chem Phys 2007, 126:.

51. Shalloway D, Faradjian AK: Efficient computation of the first
passage time distribution of the generalized master equation
by steady-state relaxation. J Chem Phys 2006, 124:.

52. Buchete NV, Hummer G: Coarse master equations for peptide
e folding dynamics. J Phys Chem B 2008, 112:6057-6069.
References discussed the Markov State Model, one of the more useful
techniques for the analysis of long time trajectories, identifying meta-
stable states, and determining rates between them. So far these tech-
niques were applied to folding of relatively small systems. More efficient
methods for state identification will make applications to allosteric transi-
tions possible.

53. Chodera JD, Singhal N, Pande VS, Dill KA, Swope WC: Automatic

e discovery of metastable states for the construction of Markov
models of macromolecular conformational dynamics. J Chem
Phys 2007, 126:.

See note of Ref. [52°].

www.sciencedirect.com

Current Opinion in Structural Biology 2011, 21:167-172



172 Theory and simulation

54. Noe F, Schutte C, Vanden-Eijnden E, Reich L, Weikl TR: 56. Vanden-Eijnden E, Venturoli M: Markovian milestoning
e  Constructing the equilibrium ensemble of folding pathways with Voronoi tessellations. J Chem Phys 2009,

from short off-equilibrium simulations. Proc Nat/ Acad SciU S A 130:13.

2009, 106:19011-19016. . . ) ) .
See note of Ref. [52°]. 57. Elber R, Roitberg A, Simmerling C, Goldstein R, Li HY,

Verkhivker G, Keasar C, Zhang J, Ulitsky A: Moil a program for

55. Sarich M, Noe F, Schutte C: On the approximation quality of simulations of macrmolecules. Comput Phys Commun 1995,
. markov state models. Multiscale Model Sim 2010, 8:1154-1177. 91:159-189.

See note of Ref. [52°].

Current Opinion in Structural Biology 2011, 21:167-172 www.sciencedirect.com



	Simulations of allosteric transitions
	Acknowledgement
	References and recommended reading


