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Preface

Welcome to Durham University and to the 2014 Energy Landscapes meeting.
A quick look through the abstracts in this document confirms that the scope of energy landscape

theory is continuing to broaden at a rapid pace. Applications span both the classical and the quantum
mechanical realms and cover the full spectrum of scientific subject areas in and between chemistry, physics
and biology. The energy landscapes community is global, and we are delighted to welcome participants
from Japan and the United States as well as from the United Kingdom and other European countries.

This year, the meeting will start with an afternoon symposium hosted by the Durham Centre for Soft
Matter. The Centre holds topical events of this sort throughout the year (albeit not usually with so many
external visitors in the audience), providing a forum for cross-disciplinary interactions and for initiating
new collaborations. We are grateful to Dr Alex Probert at the Centre for her help with the symposium.

Energy Landscapes meetings have a tradition of exploring not only the vastness of high-dimensional
configuration space but also the physical three-dimensional landscape at the conference venue. We hope
that scientific discussions will develop while walking on Lindisfarne on Saturday and during excursions
in and around Durham.

We are grateful to the Royal Society of Chemistry for supporting the attendance of some of our early-
career speakers from Europe. We would also like to thank Daryl Dowding and her colleagues at Event
Durham for all their practical assistance in organising the meeting.

We wish all participants a stimulating and enjoyable stay in Durham.

Halim Kusumaatmaja (Durham)
Mark Miller (Durham)
David Wales (Cambridge)
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Venue

The Friday symposium will be held in lecture theatre 405 of the Durham University Business School.
The workshop from Monday to Thursday will take place in lecture theatre CG85 of the Department of
Chemistry.

Registration

Registration on arrival is available at the symposium and the workshop as follows.

Friday 15 August, 11:30am–5pm in the Reception of the Business School
Monday 18 August, 9am–1pm in the Chem Café (outside CG85) of the Chemistry Department

Social Programme

Friday: Barbecue

There will be a barbecue at the Business School (indoor grill if wet) on Friday after the symposium
at 6:30pm. Please e-mail Energy.Landscapes@durham.ac.uk to book a place at the barbecue,
indicating if you are vegetarian. The price per person is £15, payable at registration on arrival. A cash
bar will operate for drinks.

Saturday: Trip to Lindisfarne

Lindisfarne is a tidal island and our travel is therefore timed to coincide with low tide. The coach will
leave Durham at 10:00am from outside the Department of Physics (the point of access to the science
site from South Road). The return journey will start from the coach park on Lindisfarne at 5:30pm.
Please arrive at the coach in good time for a prompt departure in both directions. Places on this trip
must have been booked when registering for the conference online. Bring your own lunch or sample the
pubs and cafés on the island.

Lindisfarne is the site of an ancient priory, attacked by the Vikings in the eighth century but only finally
destroyed in the sixteenth century by Henry VIII. The picturesque ruins are now managed by English
Heritage (standard entrance £5.40; EH members free). A castle dating from later in the sixteenth century
occupies a dramatic position on a rocky outcrop on the south east corner of the island. The castle is
managed by the National Trust (standard entrance £6.70; NT members free). The island has coastal
paths and viewing points to observe the rich bird and marine life.

Sunday

No formal arrangements have been made for Sunday. It is likely that an informal hike starting from
Durham will take shape. The organisers also recommend Newcastle and York as nearby cities well worth
visiting by train. See http://www.nationalrail.co.uk/ for train times and fares.

Monday: Conference dinner

The official conference dinner will take place on Monday in the Joachim Room at the College of St Hild
and St Bede, starting with drinks and canapés at 7pm. The cost of the dinner and drinks is included in
the registration fee. Further drinks may be purchased from the cash bar.

Vegetarian dishes and other dietary requirements will be provided for participants who specified
their requirements when registering for the meeting online. If you would prefer the vegetarian dishes
at the dinner but did not indicate this when you registered then please notify the organisers (at en-
ergy.landscapes@durham.ac.uk) by Monday 11 August.

The menu can be viewed at https://www.dur.ac.uk/soft.matter/events/energylandscapes/social/.

Tuesday: Tour of Durham Castle and Cathedral

The guided tour will start at 3pm on Tuesday in the Castle courtyard, which is located through the
archway at the entrance of the Castle on the opposite side of Palace Green from the Cathedral. Places
on the tour must have been booked when registering for the conference online.

The Castle and Cathedral date from the eleventh century and have been designated UNESCO World
Heritage sites. The Castle was built by the Normans to help control the north of England after the
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conquest of 1066. It was the residence of the Bishop of Durham until becoming the first of the colleges of
the newly founded University of Durham in 1837. The Cathedral is the shrine and final resting place of St
Cuthbert, who had a long and fraught posthumous journey from Lindisfarne to Durham. The Venerable
Bede, eighth century monk and polymath scholar of the North East, is also buried in the Cathedral. The
Cathedral library houses many precious and ancient texts, including three copies of Magna Carta from
the early thirteenth century.

Posters

Poster boards measuring one metre square (suitable for A0 in landscape or portrait) will be set up on
the Chem Café, adjacent to the venue for the workshop talks. The posters will be on display throughout
the workshop for browsing and discussion during the refreshment breaks. There is no dedicated poster
session. Abstracts for posters start on page 52.

Breaks and lunches

A buffet lunch and refreshments will be served at the Durham University Business School for the Friday
symposium free of charge, courtesy of the Durham Centre for Soft Matter.

During the workshop (Monday to Thursday), coffee, tea, cold drinks and pastries will be served during
the morning and afternoon breaks in the Chem Café, which is adjacent to Lecture Theatre CG85 in the
Chemistry Department. Lunches are included in the conference fee for the four days of the workshop. On
Monday, Tuesday and Wednesday, lunch will be self service in the hall at Grey College. On Thursday, a
lunch-to-go will be provided in the Chemistry Department to enable those who need to rush to the train
station or airport to eat before leaving or to take lunch with them.

No catering has been organised for Saturday or Sunday.

Parking

There is a shortage of parking on the University campus and vehicles are required to display a permit.
If you need to park, please use the car park at the Durham University Business School (the venue of
Friday’s symposium) and give the registration number of your vehicle to the staff in the reception of the
Business School. Although the main workshop is located in the Chemistry Department, vehicles may be
left at the Business School for the duration of the meeting.

Internet

Wireless internet is available in the lecture rooms at the Durham University Business School and the
Department of Chemistry, and at the accommodation in Grey and Hatfield Colleges. Participants whose
home institutions support Eduroam can connect using their own ID and password. A number of guest
accounts on the network “DU wireless” have been prepared for participants who do not have access
to Eduroam. Please collect a username and ID when registering on arrival. For help configuring your
computer, see https://www.dur.ac.uk/cis/wireless/.

College accommodation

Participants who have reserved accommodation in a college will be staying either at Grey College or
at Hatfield College. You will receive confirmation from the staff at Event Durham. At both colleges,
check-in is from 2pm and departure before 10am.

Grey College
South Road
Durham
DH1 3LG
+44 (0)191 334 5900

Hatfield College
North Bailey
Durham
DH1 3RQ
+44 (0)191 334 2633

For queries relating to accommodation, travel and all payments, an additional contact is Daryl Dowd-
ing and her colleagues at Event Durham: conferenceadministration.service@durham.ac.uk, +44 (0)191
334 2888.
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Restaurants

Apart from the barbecue on Friday and the conference dinner on Monday, no catering for evening meals
has been organised. Below is a small selection of restaurants that we recommend on the basis of personal
experience or reputation. Walking distances from the Chemistry Department are given. Wandering into
town will reveal many other good options.

• The New Inn (on the other side of Stockton Road from the University science site, 0.1 miles, 0191
384 7308): Traditional pub menu.

• Zen (Court Lane, off New Elvet, 0.5 miles, 0191 384 9588): Popular and reliably good Thai
restaurant.

• The Court Inn (corner of Court Lane and Elvet Crescent, 0.5 miles, 0191 384 7350): Hearty pub
food.

• Zizzi’s (Saddler Street, opposite Waterstones, 0.7 miles, 0191 386 3999): Probably the best of the
Italian chains. See also Pizza Express a few paces downhill on the opposite side.

• Oldfields (before the traffic lights on Claypath, 0.8 miles, 0191 370 9595): Traditional British
menu with carefully sourced ingredients; good value.

• Café Rouge (bottom of Silver Street, 0.9 miles, 0191 384 3429): Respectable chain offering French
food.

• The Capital (past the traffic lights on Claypath, 0.9 miles, 0191 386 8803): Often cited as the
best of Durham’s curry houses.

• Oro (The Pumphouse) (follow signs down a narrow road off the A177 towards Shincliffe Village,
0191 384 0832): Proper Italian restaurant in a lovely setting (including some outdoor seating);
expensive but good.

• The Rose Tree Inn (Low Road West in Shincliffe Village, 1.0 miles, 0191 386 8512): Excellent
gastropub in a cosy setting; some outdoor seating too.

• The Duke of Wellington (Darlington Road, at the top of Potter’s Bank, 1.0 miles, 0191 375
7651): Reliably good pub food with some outdoor seating.

• Finbarr’s (Waddington Street, 1.3 miles, 0191 370 9999): Relatively new (opened 2010) and gaining
a very good reputation for sophistication without being too expensive.
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Symposium

Friday 15 August 2014

Lecture Theatre 405
Durham Business School

12:00pm Buffet lunch

1:00pm Welcome and opening remarks page

1:05pm David Wales 13
University of Cambridge
Exploring energy landscapes: From molecules to nanodevices

1:50pm Graeme Henkelman 14
The University of Texas at Austin
Some recent developments in saddle point finding methods: Gradi-
ent squared minimization; solid state transitions; and temperature
accelerated adaptive kinetic Monte Carlo

2:35pm Tea

3:05pm Vinothan Manoharan 15
Harvard University
Surveying landscapes through experiments on colloids

3:50pm Andreas Heuer 16
University of Münster
Understanding the linear and nonlinear response of supercooled
liquids in terms of the potential energy landscape

4:35pm End of formal programme

6:30pm Barbecue (indoor grill if wet)
Location: Durham Business School bar
Please e-mail Energy.Landscapes@durham.ac.uk to reserve a place
(£15 per person, payable at registration on arrival)

This symposium is hosted by the Durham Centre for Soft Matter, which brings together members of the
mathematics, engineering, physics and chemistry departments at Durham University.

https://www.dur.ac.uk/soft.matter
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Workshop: Day 1
Monday 18 August 2014

Lecture Theatre CG85
Department of Chemistry

SESSION 1: CLUSTERS I
Chair: David Wales page

9:30am Iwao Ohmine 17
Water dynamics: Fluctuation, reaction and phase transition dynamics

10:10am Dmitri Schebarchov 18
Global optimisation for multicomponent material systems

10:35am Maria Cameron 19
Is the Lennard-Jones-38 network metastable?

11:00am Coffee

SESSION 2: NEW APPLICATIONS
Chair: Graeme Henkelman

11:30am Halim Kusumaatmaja 20
Energy landscapes methods for continuum soft matter systems

12:10pm Judith Rommel 21
Chemisorption on metal surfaces: The role of quantum tunnelling

12:35pm Boris Fačkovec 22
Simulating dynamics of rare events using discretised relaxation path sampling

1:00pm Lunch
at Grey College

SESSION 3: BIOMOLECULES I
Chair: Joanne Carr

2:30pm Roy Johnston 23
Exploring the energy landscapes and self-assembly of cyclic peptides

3:10pm Debayan Chakraborty 24
Insights into the folding mechanism and kinetics of RNA tetraloop hairpins
using Discrete Path Sampling

3:35pm Antonia Mey 25
Efficient estimation of equilibrium expectations from generalised-ensemble
simulations

4:00pm Tea

SESSION 4: SOLIDS
Chair: Iwao Ohmine

4:30pm Edward Pyzer-Knapp 26
Basin hopping for the prediction of molecular crystal structures

4:55pm Jutta Rogal 27
Structural phase transformations in solids — Atomistic insight on mechanisms
and interface properties

5:20pm End of talks for Day 1

7:00pm Drinks reception and dinner
in the Joachim Room at The College of St Hild and St Bede
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Workshop: Day 2
Tuesday 19 August 2014

Lecture Theatre CG85
Department of Chemistry

SESSION 5: BIOMOLECULES II
Chair: Chris Forman page

9:30am Edina Rosta 28
Free energies from dynamic weighted histogram analysis

10:10am Yassmine Chebaro 29
Exploring the conformational ensemble of an intrinsically disordered protein

10:35am Joanne Carr 30
Energy landscapes of a hairpin peptide including NMR chemical shift restraints

11:00am Coffee

SESSION 6: GLASSES AND JAMMING
Chair: Andreas Heuer

11:30am Fabien Paillusson 31
Good and bad entropies for jammed materials

12:10pm Robert Jack 32
Using large deviation methods and Markov State Models to characterize
metastable (“glassy”) states

12:35pm Stefan Egelhaaf 33
Colloids in light fields: Particle dynamics in random and periodic energy
landscapes

1:00pm Lunch
at Grey College

3:00pm Guided tour of Durham Cathedral and Castle
Meet in the courtyard of the Castle (entrance on Palace Green opposite the
cathedral)
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Workshop: Day 3
Wednesday 20 August 2014

Lecture Theatre CG85
Department of Chemistry

SESSION 7: CLUSTERS II
Chair: Vinothan Manoharan page

9:30am Dwaipayan Chakrabarti 34
On the design of supracolloidal chirality

10:10am Ray Sehgal 35
Describing the phase behavior of thermodynamically small colloidal particle
assemblies using coarse-grained free energy landscapes

10:35pm Lewis Smeeton 36
Global optimisation of hydrated sulfate clusters

11:00am Coffee

SESSION 8: BIOMOLECULES III
Chair: Roy Johnston

11:30am Samuela Pasquali 37
HiRE-RNA: Predicting and exploring complex RNA architectures through a
coarse-grained model

12:10pm Chris Forman 38
Exploration of the potential energy landscape of the ring pucker system in col-
lagen by solid-state NMR

12:35pm Cheng Shang 39
Pathway search in biology molecules

1:00pm Lunch
at Grey College

SESSION 9: METHODS I
Chair: Christian Schön

2:30pm Tamiki Komatsuzaki 40
Energy landscapes learned from time series and networks

3:10pm Andrew Ballard 41
Superposition-enhanced estimation of optimal temperature spacings for parallel
tempering simulations

3:35pm Frederic Cazals 42
Sampling energy landscapes and comparing the resulting samplings

4:00pm Tea

SESSION 10: METHODS II
Chair: Andrew Ballard

4:30pm Jacob Stevenson 43
Superposition-enhanced nested sampling

5:10pm Christian Schön 44
G42-plus: A code for the exploration of the energy landscape of molecules on
surfaces

5:35pm Xiaocheng Shang 45
On the numerical treatment of dissipative particle dynamics and related systems

6:00pm End of talks for Day 3
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Workshop: Day 4
Thursday 21 August 2014

Lecture Theatre CG85
Department of Chemistry

SESSION 11: APPLICATIONS OF GLOBAL OPTIMISATION
Chair: Robert Jack page

9:30am Martin Uhrin 46
High throughput Lennard-Jones structure prediction: Crystal structures of a
continuous periodic table

10:10am Kyle Sutherland-Cash 47
Improving basin-hopping for biological systems

10:35am James Farrell 48
Clusters of coarse-grained water molecules

11:00am Coffee

SESSION 12: CLUSTERS III
Chair: Dwaipayan Chakrabarti

11:30am Tomohiro Yanao 49
Collective motions of complex molecular systems driven by spontaneous
symmetry breaking

11:55am John Morgan 50
Energy landscapes of planar colloidal clusters

12:20pm Szilard Fejér 51
Cooperative rearrangements in clusters of anisotropic particles

12:45pm Lunch
in the Chem Café or to take away

End of Workshop
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Posters
On display Monday 18 to Thursday 21 August 2014

Chem Café outside Lecture Theatre CG85
Department of Chemistry

page
Mykola Dimura 53
A toolkit and benchmark study for FRET-restrained high-precision

Jim Madge 54
Optimisation of interactions for self-assembly

Yoshihiro Matsumura 55
A study of virus capsid formation based on RISM theory

Daniel Morphew 56
Hierarchical self-assembly of magnetic colloids

Sridhar Neelamraju 57
Chiral effects on the energy landscape of polyalanine

Leandro G. Rizzi 58
Microcanonical thermostatistics from canonical Monte Carlo simulations with
ST-WHAM-MUCA

Xiaocheng Shang 45
On the numerical treatment of dissipative particle dynamics and related systems
(see also talk in Session 10)

Lewis Smeeton 59
Visualisation of Cyclic Peptide Energy Landscapes

Martin Uhrin 46
High throughput Lennard-Jones structure prediction: Crystal structures of a
continuous periodic table
(see also talk in Session 11)
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Abstracts for talks
in chronological order of presentation



Exploring energy landscapes: From molecules to nanodevices

David J. Wales

dw34@cam.ac.uk

University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, United Kingdom

The potential energy landscape provides a conceptual and computational framework for investigating
structure, dynamics and thermodynamics in atomic and molecular science. This talk will summarise
new approaches for global optimisation, quantum dynamics, the thermodynamic properties of systems
exhibiting broken ergodicity, and rare event dynamics. Applications will be presented that range from
prediction and analysis of high-resolution spectra, to a wide range of soft matter systems.

References

[1] D. J. Wales, Curr. Op. Struct. Biol. 20, 3–10 (2010)

[2] D. J. Wales, J. Chem. Phys. 130, 204111 (2009)

[3] B. Strodel and D. J. Wales, Chem. Phys. Lett. 466, 105–115 (2008)

[4] D. J. Wales and T.V. Bogdan, J. Phys. Chem. B 110, 20765–20776 (2006)

[5] D. J. Wales, Int. Rev. Phys. Chem. 25, 237-282 (2006)

[6] D. J. Wales, Energy Landscapes, Cambridge University Press, Cambridge, 2003
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Some recent developments in saddle point finding methods: Gradient
squared minimization; solid state transitions; and temperature accelerated

adaptive kinetic Monte Carlo

Graeme Henkelman

henkelman@cm.utexas.edu

Department of Chemistry and the Institute for Computational Engineering and Sciences,
The University of Texas at Austin, Austin, Texas 78712-0165, United States of America

Some recent developments in saddle point finding and long time scale dynamics methods will be
presented, including biased gradient squared optimization; the kappa-dimer method; solid state phase
transitions; and basin-constrained molecular dynamics saddle-search based adaptive kinetic Monte Carlo.
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Surveying landscapes through experiments on colloids

Vinothan Manoharan

vnm@seas.harvard.edu

Department of Physics, Harvard University, Cambridge MA 02138, United States of America

I will discuss experiments on clusters of 10 or so weakly interacting colloidal particles. Because the
particles are large enough to see using optical microscopy, we can directly observe the free-energy minima
as well as the excited states and the transitions between minima. Through these measurements we can
reconstruct the topography of the free-energy landscape. In all cases we find behavior that is different
from both atomic-scale clusters and bulk colloidal phases. I will discuss how these difference relate to the
structure of the landscape, entropy, and hydrodynamics. I will also offer some speculation about how the
landscape changes as the number of particles approaches the bulk limit.
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Understanding the linear and nonlinear response of supercooled liquids in
terms of the potential energy landscape

Andreas Heuer

andheuer@uni-muenster.de

Institut für Physikalische Chemie, Corrensstr. 30, D-48149 Münster, Germany

For a couple of years it has been established that the dynamics of the supercooled liquids can be
interpreted as a continuous time random walk, if it is interpreted as hops between metabasins in the
underlying potential energy landscape (PEL). This allows one to obtain a profound theoretical under-
standing of many phenomena in terms of the properties of the PEL.

In this talk it is discussed, on the one hand, the origin of the different temperature dependence
of the diffusivity and the structural relaxation time (violation of Stokes–Einstein relation) and, on the
other hand, the non-linear response in a micro-rheological setup, where a single particle is dragged by
an external force. Surprisingly, the nonlinear response displays some anomalous behavior and contains
valuable information about the dynamic heterogeneities. Furthermore it is checked whether the origin of
the nonlinear effects is more due to the emergence of non-equilibrium thermodynamical effects or due to
the a varying kinetics, e.g., by decreasing barriers, relevant for the hopping processes in the PEL.
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Water dynamics: Fluctuation, reaction and phase transition dynamics

Iwao Ohmine

ohmine@ims.ac.jp

Institute for Molecular Science, Myodaiji Okazaki 444-8585, Japan

Energy landscape of water will be discussed. Water exhibits intermittent collective motions, associated
it hydrogen bond network rearrangements. Basic feature of this water dynamics in molecular scale is first
described, and its effects on various chemical reaction dynamics, including biomolecular reactions, and
the phase transition dynamics such as water freezing and ice melting will be discussed.

Water forms the disorder three-dimensional hydrogen bond network (HBN). A water molecule in this
network makes strong and highly directional hydrogen bonds (HBs) with its surrounding water molecules.
HBN rearrangement dynamics in water thus involves concerted and collective motions of water molecules
and exhibits large energy and structural fluctuations.

This characteristic water dynamics influences reaction dynamics, including biomolecular reaction dy-
namics, in water; for example, a proton transfer is assisted with large fluctuations in liquid water. We
will discussed the mechanism of the proton hydration, the ion transport in a model system of ion channel
proteins, and the proton transfer in Reaction Center and the reaction circle of PYP.

Upon cooling, liquid water undergoes the homogeneous crystallization to ice. The mechanism of such
a first ordered phase transition of water is discussed. Dynamics and phases of the supercooled water
is under the current fierce debate. Recently, we have reinvestigated the glassy dynamics of very low
temperature water. Another interesting mechanism of a water phase transition is melting of ice. It will
be analyzed in detail, exploring what is the key to form an initial embryo for ice melting.

References

[1] “Fluctuation, Relaxations and Hydration in Liquid Water; Hydrogen Bond Rearrangement Dynam-
ics”, Chemical Reviews, 93, 2545-2566 (1993), I. Ohmine and H. Tanaka

[2] “Liquid Water Dynamics; Collective motions, Fluctuation and Relaxation”, Feature Article in J. Phys.
Chem., 99, 6767-6776 (1995), I. Ohmine

[3] “Water Dynamics; Fluctuation, Relaxation and Chemical Reaction in Hydrogen Bond Network Re-
arrangement”, Accounts of Chemical Research, 32, 741-749 (1999), I. Ohmine and S. Saito

[4] “Molecular dynamics simulation of the ice nucleation and growth process leading to water freezing”,
Nature, 416, 409-413 (2002), M. Matsumoto, S. Saito and I. Ohmine.

[5] “Defect pair separation as the controlling step in homogeneous ice melting”, Nature, 498, 350-354
(2013), K. Mochizuki, M. Matsumoto, and I. Ohmine.
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Global optimisation for multicomponent material systems

Dmitri Schebarchov and David J. Wales

ds656@cam.ac.uk

University Chemical Laboratory, Lensfield Road, Cambridge CB1 2EW, United Kingdom

The potential-energy landscape of a multicomponent material system with fixed stoichiometry ought
to have points that are locally optimal (i) in the conventional sense, with respect to particle coordinates,
and (ii) in a combinatorial sense, with respect to particle labels. We develop a deterministic iterative
scheme for locating such twofold local optima of a coordinate- and label-dependent energy function, and
we demonstrate the scheme for selected binary Lennard-Jones clusters. In all our test cases we find that
twofold minima comprise only a small subset of homotops (permutational isomers within a particular
geometry), including the one with the lowest energy, while a vast majority of sampled homotops are not
optimal in the combinatorial sense. We show that generalising the basin-hopping algorithm to include
twofold minimisation instead of the usual quench can improve the algorithm performance when applied
to a multicomponent system.
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Is the Lennard-Jones-38 network metastable?

Maria K. Cameron

cameron@math.umd.edu

Department of Mathematics, University of Maryland,
College Park, MD 20742-4015, United States of America

The concept of metastability has caused a lot of interest in recent years. The spectral decomposition
of the generator matrix of a stochastic network exposes all of the transition processes in the system. If
there exists a low lying group of eigenvalues, separated by a spectral gap from the rest, the dynamics
of the system can be factored. This means that the set of states can be partitioned into a few subsets
(macro states), and the dynamics of the large original network can be modeled by the dynamics of a
significantly smaller network.

Networks representing potential energy landscapes possess an important property of detailed balance.
This property allows us to simplify dramatically the asymptotics for the eigenvalues obtained by A.
Wentzell for the general case in 1970’s, and make the formulas for the exponents of the eigenvalues
efficiently computable. The proposed approach uses tools of graph theory, in particular, the concept
of the minimal spanning tree and its properties. Its important feature is that the asymptotics of the
eigenvectors and eigenvalues are computed starting from the low lying group. Hence one can stop the
algorithm as soon as all of the eigenvalues of interest are computed.

One of the most fascinating available networks is the Lennard-Jones-38 (LJ38) obtained by Wales’s
group. The application to LJ38 demonstrates the power of the proposed approach and results in an
interesting conclusion which is the following. Since the LJ38 energy landscape has a double-funnel struc-
ture [Doye, Miller, Wales, 1998], one could expect that the wider and shallower icosahedral funnel can
be viewed as a metastable state at low temperatures. However, it turns out that there is no significant
spectral gap separating the eigenvalue corresponding to the exit from the icosahedral funnel unless the
temperature is extremely small, and all of the eigenvalues are arranged pretty densely. The numbers ∆k,
determining the eigenvalues up to the exponential order by λk � exp(−∆k/T ) are shown in Fig. 1a.
Hence the dynamics of this cluster cannot be factored. Therefore, the Lennard-Jones-38 cluster is not
metastable in the sense of the definition of [Bovier, Eckhoff, Gayrard, Klein, 2002]. On the other hand,
the eigenvalue corresponding to the exit from the icosahedral funnel is significantly smaller than all of the
eigenvalues corresponding to transitions within this funnel (Fig. 1b). Therefore, while in this funnel, the
system equilibrates in it prior to leaving it. Therefore, this funnel can be viewed as metastable according
to the definition of [Schuette, Huisinga, Meyn, 2003].
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Figure 1: The numbers ∆k determining the the eigenvalues of the LJ38 network up to the exponential order by
λk � exp(−∆k/T ). (a) The whole collection of ∆k, k = 1, . . . , 71886. (b) Only ∆k’s corresponding to transitions
within the icosahedral basin and to escape from it are shown.
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Energy landscapes methods for continuum soft matter systems

Halim Kusumaatmaja

halim.kusumaatmaja@durham.ac.uk

Department of Physics, Durham University, South Road, Durham DH1 3LE, United Kingdom

In this talk I will discuss how energy landscapes methods can be generalised to study continuum,
field-theory based models. I will go through how the basin-hopping, doubly-nudged elastic band, and
eigenvector following techniques can be (minimally) adapted. Then, to illustrate how the methods work
in practise, I will consider three different applications: (i) wetting transitions on chemically patterned
surfaces, (ii) shape transformations of lipid vesicles, and (iii) multistable nematic liquid crystal devices.
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Chemisorption on metal surfaces: The role of quantum tunnelling

Judith B. Rommel

jbr36@cam.ac.uk

University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, United Kingdom

Chemisorption plays an important role in a huge number of industrial processes such as for example
the steam-reforming of methane during the Haber–Bosch process. The understanding of gas-surface
reactions is key to improve the efficiency of catalysts involved. The chemisorption of methane on a single
crystal metal surface, like Ni(100), is a prototypical system to study these processes.

Experimental investigations gave clear evidence that transition state theory does not always offer an
accurate description of gas-phase surface reactions [1,2]. Further studies hint that in CH4 dissociative
adsorption quantum effects such as tunnelling become important below a surface temperature of 200 K
which is far above the theoretically predicted classical-quantum crossover temperature Tc. To understand
the influence of quantum effects on these reactions we require a rate theory for multidimensional systems
consistent over the full temperature range.

Instanton rate theory (also Imaginary Free Energy method), based on statistical Feynman path in-
tegrals, is increasingly used to investigate the role of tunnelling in chemical systems where often full
quantum dynamical approaches are too expensive due to the size of the systems. The approach captures
the essential physics of deep tunnelling, e.g. corner cutting, and allows to treat the dynamics classically.

The instanton itself is the tunnelling path (ring polymer) with the highest statistical weight at a
given temperature. Finding instanton paths by on-the-fly optimisations during rate calculations makes the
method efficient for practical explorations in systems like enzymes [3,4,5]. However, the instanton method
breaks down at temperatures near the crossover temperature Tc. In many applications temperatures in
that range are the most interesting ones.

Following up the discussions in [6] and by linking to approaches from field theory and the more math-
ematically oriented fields of differential geometry, oscillatory integrals, and dynamical systems theory,
a deep understanding of the underlying theory was gained. The result is an improved methodology for
predictions of the instanton rate at higher temperatures. Ultimately, the extended instanton rate theory
will increase the understanding of the mechanism of chemisorption in the complete temperature range
and will lead to the design of new optimised catalysts.
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A simplified description of dynamical processes highlighting the essential features is one of the central
problems of theoretical chemistry. Many interesting processes take place at timescales not accessible
by standard simulation methods. These ‘rare events’ can be simulated by constraining the sampling to
smaller cells in configuration space and finding the characteristic times for transitions between the cells.
Here we present a method for the calculation of an optimal rate matrix for the master equation model of
a system with configuration space fully partitioned into non-overlapping cells. The method, discretised
relaxation path sampling, is robust with respect to rough dividing surfaces and internal barriers, so the
states can be defined by arbitrary space partitioning. Phenomenological rate constants are then calculated
by a graph transformation. The new method provides a connection between computationally inexpensive
and accurate approaches to the description of rare event dynamics.
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Cyclic peptides (CPs) display a wide range of biological activities: for example the cyclic tetrapeptides
trapoxin, which has anti-tumour activity, and apicidin, which is active against malaria. The conformations
of both the peptide backbone and the side chains are important in determining the biological activity
of CPs. The backbones of CPs have different conformational preferences to the corresponding acyclic
peptides, with cis-trans isomerisation being more important for small CPs, where the conformation of
the peptide backbone is strongly influenced by the sequence. We have studied the energy landscapes of
some small CPs using basin-hopping, discrete path sampling and molecular dynamics. We present an
analysis of the basin-hopping move sets that most efficiently explore the conformations of CPs. Group
rotation moves are found to be the most effective for CPs containing up to 20 residues. We also present
a combined computational and experimental study of the energy landscapes of cyclic tetra-α–β-peptides,
obtaining the relative free energies and barriers to interconversion of their conformers and using these to
aid the interpretation of experimental nuclear magnetic resonance and circular dichroism measurements.
It is known that some CPs self-assemble into nanotubes, which may explain their bio-activity. We have
therefore perfomed simulations of the self-assembly of CPs to form dimers and small oligomers. For
cyclic peptide dimers, we find that a combination of group rotation intermolecular moves and rigid body
intramolecular moves performs well. Discrete path sampling calculations on the cyclic peptide dimers
also show significant differences in the dimerisation of hexa-and octapeptides.
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Tetraloop hairpins are an important class of RNA secondary structure. They are ubiquitous in
naturally occuring single-stranded RNA, playing diverse biological roles, such as mediating tertiary inter-
actions with proteins and regulating gene expression. They also serve as model systems in understanding
the hierarchical nature of RNA folding, where secondary structure formation initiates the subsequent
organisation into higher order tertiary structures. In recent years, several experimental and theoretical
studies have revealed the complex kinetics underlying the folding of tetraloop motifs. Nevertheless, there
is a lack of detailed understanding of the folding mechanisms and kinetics at the atomistic level. In this
work, we employ the Discrete Path Sampling method in conjunction with an all-atom potential and an
implicit solvent model to investigate the energy landscapes of two different tetraloop hairpins with the
same stem composition. Our results show that the energy landscapes have distinct funnel-like features
with a well defined global minimum corresponding to the hairpin. We also find that there are multiple
paths to the low-lying hairpin structures spanning a wide range of timescales, consistent with the mul-
tistate kinetics reported in previous experimental studies. Denatured states having residual structural
elements can fold efficiently into hairpin structures, whereas extended chains exhibit larger routes before
nucleation events occur, and have folding rates orders of magnitude slower.
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Equilibrium properties of complex systems, such as free energy differences or equilibrium populations,
are often difficult to compute from direct simulations due to rare events in the dynamics. Hence, a common
approach is to enhance the sampling by employing thermodynamic states under which the rare events are
sped up, e.g. by coupling different temperatures or Hamiltonians as in parallel tempering; or by using
biasing potentials as in umbrella sampling. The desired equilibrium properties of the thermodynamic state
of interest (e.g.lowest temperature or unbiased potential) can be computed using reweighting estimators
such as the weighted histogram analysis method (WHAM) or the multistate Bennett acceptance ratio
(MBAR). Unfortunately, WHAM and MBAR can only produce unbiased estimates, once all simulations
are sampling from the global equilibria at their respective thermodynamic states - a requirement that
can be a prohibitively expensive for some simulations such as a large parallel tempering ensemble of
an explicitly solvated biomolecule. Here we propose the use of a Transition-based Reweighting Analysis
Method (TRAM) that exploits ideas from Markov modelling and only requires the simulation data to
be in local equilibrium within subsets of the configuration space. We formulate a TRAM estimator
that is shown to be asymptotically unbiased, and to estimate stationary quantities from generalised
ensemble simulations using significantly fewer amounts of simulation data compared to MBAR or direct
counting. TRAM is applicable to any set of simulations (coupled or uncoupled) produced under different
thermodynamic conditions, such as simulated or parallel tempering, replica-exchange molecular dynamics,
umbrella sampling, metadynamics, etc. We will demonstrate, by comparing MBAR and direct counting
to TRAM as analysis tools for generalised ensemble methods, that using TRAM results in an efficiency
gain in the required amount of simulation data of an order of magnitude or higher for a range of systems
(toy potentials to molecular systems).
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The prediction of the structure of organic crystal structures based upon nothing more than the molec-
ular connectivity is a rapidly expanding field of study, with widespread applications in the pharmaceutical
sector, and also materials science. The success of this technique is critically dependent on the generation
of reasonable hypothetical crystal structures, i.e. a satisfactory coverage of the crystal energy landscape.
We have used the basin-hopping algorithm for this purpose and report the results of some small molecule
searches, which are of interest as organic photovoltaic materials.

Additionally, we adapt this framework to predict the solvated structures and stoichiometries of some
common inclusion compounds, some of which would be inaccessible to current structural prediction
methods. This has the potential to add an energetic element to the experimental refinement and solution
of both ordered and disordered solvated structures; and hence ease a traditionally tough process.
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Atomistic modelling of the dynamics of phase transformations is a particularly challenging task. If
the mechanism of the phase transformation is governed by so-called rare events then the time scale of
interest will reach far beyond the capabilities of regular molecular dynamics simulations.

The atomistic rearrangements during solid-solid phase transformations in bulk systems involve mas-
sive structural changes including concerted multi-atom processes. The interface between two structurally
different phases leads to a complex energy landscape that needs to be explored during the dynamical
evolution of the interface. Here, we employ an adaptive kinetic Monte Carlo (AKMC) approach to inves-
tigate such processes at the interface between cubic and topologically close-packed phases in transition
metals.

In particular we investigate the transformation between BCC and A15 in molybdenum. During the
dynamical simulations a finite, disordered interface region evolves to compensate the structural mismatch
between the two crystal phases. This disordered interface region makes the identification of a single trans-
formation mechanism difficult. Still, from our simulations we extract a rate for the layer transformation
which we relate to an effective barrier for the transformation mechanism and discuss the corresponding
atomistic processes that we find along the transformation path.

Furthermore we investigate how the system explores the complicated energy landscape. We find
that the system spends a significant amount of time in self-returning loops between structurally very
similar states before moving to another part of the configuration space accompanied by a structural
transformation.

(a) (b)

Figure 1: AKMC simulation of the A15 to BCC transformation in molybdenum. (a) Since the BCC phase
is more stable than A15 the system gains energy during the simulation providing a natural driving force. (b)
Disconnectivity graph of the transformation from A15 to BCC.
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Umbrella sampling (US) is one of the most widely used methods for the calculation of accurate free en-
ergies from atomistic simulations. To obtain the unbiased global free energy profile from US, the weighted
histogram analysis method (WHAM) is typically employed. Here, we show that systematic errors can be
introduced in the US-estimated free energy surfaces due to insufficient global convergence. To correct this
problem, we propose a new weighted histogram analysis Markov modeling method (WHAMMM) based
on estimating transition probabilities from the simulation trajectories. We show that WHAM is a special
case of WHAMMM. We also demonstrate that WHAMMM has the same statistical accuracy as WHAM
when applied to the same dataset. Additionally, because the local free energy profile is typically well
converged even from short simulations before equilibrium within a window is reached, the WHAMMM
method significantly reduces the errors resulting from the WHAM analysis of simulations that are not
fully converged. Applications include analysis of molecular dynamics simulations of RAF kinases.
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Intrinsically disordered proteins (IDP) play an important role in regulating many cellular processes
despite their lack of globular structure. In this work, we are interested in an IDP called PUMA, that when
bound to its partner, the protein MCL-1, triggers cellular apoptosis by permeabilizing the mitochondrial
membranes. The NMR structure of the complex shows that PUMA adopts a full α-helical conformation
when bound to its partner. However, the mechanism of binding is still unresolved and a question remains
to be answered: does the binding of PUMA to MCL-1 occur through the conformation selection of a
pre-existent bound-like structure? Or the folding of PUMA takes place only when bound to MCL-1?
To answer this, we performed Parallel Tempering Molecular Dynamics in implicit solvent as well as MD
simulations in explicit solvent to assess the conformational stability of the full α-helical structure of
PUMA. Our results show that the helix is not stable by itself, and the most populated structures are
mainly disordered with 20-30% of helicity. Taking the structures from the thermodynamical sampling as
starting points, we are mapping out the energy landscape for this IDP using the Discrete Path Sampling
method. The landscapes are visualized in terms of disconnectivity graphs, and our results reveal the
presence of kinetic frustrations with the disordered states separated from the α-helical conformation by
high barriers, hinting to a binding mechanism of a coupled folding.

Figure 1: Binding of PUMA to MCL-1. On the left of the arrow, several conformations of PUMA alone, on the
right side of the arrow NMR structure of PUMA in complex with its partner MCL-1 (pdb id: 2ROC).
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An increasingly common response to the challenge of protein structure prediction is the incorporation
of experimental structural information in the form of restraints in the potential. In this work, the effects
of including such restraint contributions on the folding energy landscape of a 12-residue hairpin peptide,
tryptophan zipper, are systematically investigated.

The potential is a combination of a molecular mechanics force field (all-atom CHARMM22 and the
FACTS implicit solvent model) with a restraint potential based on NMR chemical shifts, which is de-
signed to bias towards a given reference structure. The restraint potential employed is CamShift, in
which chemical shifts are predicted from structures as polynomial functions of interatomic distances.
The differences between the calculated and reference shifts are incorporated into a tunable soft-square
harmonic well as the penalty function. Discrete path sampling and global optimization simulations are
used to study the energy landscapes as a function of the relative weight of the two components of the
potential.
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In this talk, we first discuss why the concept of entropy can be useful to characterize the jamming
transition and ideally also for the statistical properties of mechanically stable packings once they are
generated. Starting from Edwards’ entropy, we question its relevance for real protocols. To this end, we
aim at enumerating the total number of packings that can exist with a given number of particles at a
given packing fraction. We do so by mapping the problem onto that of an energy landscape exploration
where the task is now to estimate the total number of minima in this landscape. Using a method
introduced in [Xu et al. PRL, 106 (2011)], we perform a finite size analysis of the Edwards entropy of
a polydisperse system that outperforms existing counting methods by one order of magnitude in system
size and hundreds orders of magnitude in the number of jammed states. We finally stress that Edwards’
entropy is not in general a good entropy since a) it is not extensive and b) it does not capture the effect
of the protocol on the probability of being in a particular minimum. We finally suggest a new granular
entropy which has all these features.
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The presence of metastable states is often assumed when describing or modelling glassy systems, but
a precise characterisation of the relevant states is typically very difficult (especially in cases where single
energy minima do not correspond directly with the states). For glass-forming liquids, recent progress has
been made by considering biased ensembles of trajectories, which support unusual dynamical phase tran-
sitions between equilibrium (active) fluid and stable (inactive) glass states [1]. We will discuss how these
phase transitions are related to the existence of long-lived metastable states [2], and to the mathematical
theory of large deviations. At the same time, in the protein-folding community, automated construction
of Markov State Models provides a method for identifying sets of a few thousand metastable states that
control the folding dynamics of protein molecules [3]. We will discuss how large deviation methods are also
useful in analysing the resulting stochastic models [4], and identifying potentially important metastable
states in these systems [5].
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I plan to discuss the experimental realization of potential energy landscapes with the help of laser
light fields in optical-tweezer-like devices [1–3]. This allows us to create (almost) any potential energy
landscape, ranging from periodic to random potentials (Fig. 1a), and to investigate the dynamics of
colloidal particles in these landscapes using video microscopy (Fig. 1b). The dynamics are quantified
in terms of, e.g., the mean-squared displacement, the time-dependent diffusion coefficient or the non-
Gaussian parameter (Fig. 1c). Typically, the dynamics are initially diffusive followed by intermediate
subdiffusive behaviour which again becomes diffusive at long times [3–7]. How pronounced and extended
the different regimes are, depends on the specific conditions, in particular the shape of the potential as well
as its amplitude or roughness. We established relations between the dynamics in the different regimes,
which provide, for example, predictions for the long-time behaviour based on the intermediate dynamics
[7]. The experimentally observed dynamics are compared to theoretical and simulation results (Fig. 1c).
While I plan to focus on dilute systems, the dynamics of interacting systems in external potentials, and
thus the interplay between particle–particle and particle–potential interactions, will also be mentioned
briefly [2]. The effect of particle–particle interactions appears similar to the effect of potential–particle
interactions on the dynamics of individual particles or in less concentrated systems.

a! b! c!

Figure 1: Creation of a two-dimensional random-energy landscape and particle dynamics in this landscape.
(a) Intensity distribution in the sample plane. (b) Trajectories of particles (radius 1.4 µm) in a two-dimensional
random potential (roughness ε = 2.8 kBT ) accumulated during 3.8 h. (c) Normalized diffusion coefficient D(t)/D0

as a function of delay time normalized by the Brownian time tB, t/tB, for different roughnesses 1 kBT ≤ ε ≤ 3 kBT
(as indicated) from experiments (symbols) and simulations (lines).

References

[1] R. D. L. Hanes, M. C. Jenkins, S. U. Egelhaaf, Rev. Sci. Instrum. 80, 083703 (2009).

[2] M. C. Jenkins, S. U. Egelhaaf, J. Phys.: Condens. Matter 20, 404220 (2008).

[3] F. Evers et al., Europ. Phys. J.-Special Topics 222, 2995 (2013).

[4] C. Dalle-Ferrier et al., Soft Matter 7, 2064 (2011).

[5] R. D. L. Hanes et al., Soft Matter 8, 2714 (2012).

[6] F. Evers et al., Phys. Rev. E 88, 022125 (2013).

[7] R. D. L. Hanes, M. Schmiedeberg, S. U. Egelhaaf, Phys. Rev. E 88, 062133 (2013).

33



On the design of supracolloidal chirality

Dwaipayan Chakrabarti

d.chakrabarti@bham.ac.uk

School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

Understanding how chirality is expressed, controlled, and propagated at the microscale is of much
topical interest for bottom-up routes to functional materials [1,2]. This presentation will describe compu-
tational approaches to programmed assembly of supracolloidal chiral architectures with achiral building
blocks, maintaining a close tie with contemporary experimental research [3–7]. Illustrative case studies
will be presented with magnetic colloids as well as patchy colloids.
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The phase behavior of systems that are termed thermodynamically small has been the subject of
intensive theoretical study over the past two decades. These finite systems consist of a small number of
particles, less than on the order of 100; as such, they are far removed from the infinite limit of tradi-
tional macroscopic thermodynamics. Developing a fundamental understanding of the phase behavior of
these systems has direct application for the self- and directed-assembly of structures within materials and
devices, having wide-ranging technological impact. The phase behavior of these small systems is qualita-
tively different from the typical thermodynamic behavior of bulk phases. Specifically, thermodynamically
small colloidal assemblies exhibit coexistence of phases or configurations over a broad range of physical
conditions. In this presentation, we report results of a systematic investigation of the phase behavior of
such colloidal assemblies, which interact via electrostatic repulsion and Asakura-Oosawa (AO) depletion
potentials. The interparticle potential has been validated experimentally and used for accurate statistical
mechanical analyses of the fundamental thermodynamics and kinetics of the colloidal clusters.

In order to study the phase behavior of these small clusters, we have constructed free-energy land-
scapes (FELs) using the windowed Monte Carlo-umbrella sampling (MC-US) technique. The FELs were
generated with respect to a well justified coarse-variable space, which has been shown to capture both
order-to-disorder and polymorphic structural transitions. The dimensionality of coarse-variable space
was determined by analysis based on the machine learning technique of diffusion mapping on data sets
generated by Brownian dynamics simulations of the colloidal clusters of interest. Local minima in these
FELs resulting correspond to (meta)stable configurations of the cluster.

We constructed these FELs over a range of interparticle interaction strength, interaction range, and
cluster size and obtained a comprehensive picture regarding the possible stable configurations of such
colloidal assemblies at equilibrium, as well as the phase changes observed between them. In particular,
we observe an order-to-disorder transition between fluid-like and crystalline phases as well as a polymor-
phic transition between relaxed face-centered cubic and relaxed hexagonal close-packed structures. The
analysis of these FELs yields phase-diagram information, which can describe not only the bulk-like phase
behavior (i.e., coexistence at a single point) but also the complex phase behavior arising from the system
smallness inherent to these colloidal clusters.
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The Hofmeister series ranks the ability of ions to affect a number of phenomena in physical chemistry
[1], including surface tension, protein solubility and stability, bubble formation and many others. The
sulfate dianion is a Hofmeister ion which sits at the far “kosmotropic” end of the series, meaning that it
increases surface tension and decreases protein solubility. Despite the relative importance of the series,
its exact chemical origin remains unclear, with evidence supporting both direct ion interaction and long
range effects of the ion on solvent structure. Infrared photodissociation (IRPD) spectroscopy of gas
phase hydrated sulfate ions provide information as to the hydrogen bonding of waters at the surface and
interior of the cluster [2]. IRPD spectra of size selected SO2−

4 (H2O)n suggest that for n ≤ 43, all the
waters in the cluster are hydrogen bonded to either the sulfate or another water. This contrasts with
both water clusters of comparable size and at the surface of the bulk, where a number of waters exhibit
“free”, non-bonded OH-groups.
The aim of our study is: Can simulation detect the size-dependent appearance of free OH-groups in
hydrated sulfate clusters by searching the potential energy surface?
Due to the potentially large system size, we modelled the system as a tetrahedral rigid-body sulfate ion
with rigid TIP4P waters. A Basin-hopping monte-carlo algorithm [3] with rigid-body translational and
rotational moves, and a novel hydrogen-bond cage optimisation move set was used to search for low-lying
energy minima. We re-optimised the lowest energy minima at the density functional theory level, and
calculated the vibrational normal modes. We demonstrate that even at the rigid-body potential level,
we are able to replicate some of the behaviour of the hydrated sulfate cluster, with simulation predicting
that free OH-groups appear around n = 33 waters.

(a) (b)

Figure 1: Global minima of hydrated sulfate clusters on the rigid-body sulfate/TIP4P potential energy surface
for (a) 12 waters and (b) 34 waters.
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b Institut Universitaire de France

Interested by the roles and the diversity of RNA molecules, in recent years we have developed an
RNA coarse-grained model for folding and assembly. HiRE-RNA represents a nucleotide by 6 or 7
particles interacting by a physically driven force-field, derived through a top-down approach. Through
Molecular Dynamic simulations and enhanced sampling techniques we can address RNA dynamics and
thermodynamics, and with both Monte Carlo and Parallel tempering simulations we can investigate the
molecule’s energy landscape.

RNA molecules come in many different sizes, forms and complexities, from simple hairpins, to intri-
cate architectures such as pseudoknots. They can involve multiple simultaneous interactions of one base
forming triplexes and quadruplexes, and can be active under alternative possible conformations. With the
initial versions of the model, accounting only for Watson-Crick base pairs, we were able to predict simple
folds of hairpins and the assembly of double helices, and investigate small hairpins folding mechanism. We
also proposed an equivalent model for DNA and showed its ability to correctly predict DNA B-form du-
plexes. To address folding of the more complex structures we were led to some important modifications in
the force-field to account for non-canonical base pairs interactions. With the latest version of HiRE-RNA
we can now treat a much larger variety of structures, investigating the folding of molecules of sizes up to
80-100 nucleotides, of intricate architectures such as riboswitches with kissing-loops, various pseudoknots
and triple helices, starting from the sequence as only input. Our studies underline the importance of
non-canonical and multiple base-pairs, both for the formation of critical stabilizing interactions, and for
a realistic description of the energy landscapes.
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We present a systematic exploration of the ring puckering system of two collagenic systems - ((PPG)12)3
and ((POG)12)3 - using energy landscape techniques to predict the thermodynamic and kinetic properties
of the ring puckering system. Estimating the flipping rates and equilibrium occupation probabilities of
the rings allows a prediction to be made concerning the peptide dihedral angles and consequently the
helical symmetry of the structure. The results of the study agree extremely well with recent NMR exper-
imental results and demonstrate that the dynamics of the pucker states contributes significantly to the
long-range helical properties of the fibre, revealing novel insight into this much studied molecule.
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The reaction paths that connect several stable species are generally important for understanding the
detailed kinetics of interesting chemical process. To find out the optimal reaction path, we need to search
for the possible minima and transition states on the potential energy surface that corresponds to certain
chemical reactions. In this work, we try to locate the optimal reaction path of several interesting chemical
processes in Biology molecules, i.e. the transformation between two binding mode of alpha2,6-sialic acid
with haemagglutinin and the behaviour of the Phenylalanine-Gate in HemS protein. By analysing these
possible reaction path, we give some understanding of these biology process at atomic scale.

Influenza A virus uses sialic acids as cell entry receptors. The two main receptor forms are alpha2,6
linkage to galactose in human body and alpha2,3 in birds. Evidences show that a single D222G mutation
in H1N1 switches receptor binding specificity from alpha2,6 to dual receptor binding. This receptor
preference change is not fully understood from molecular scale. Previous works in our group show that
there are two binding mode before mutation while only one of them left after D222G mutation. By
comparing the differences of optimal path between binding modes before and after mutation, we see a
clear difference in hydrogen bond network.

Yersinia enterocolitica is a species of gram-negative coccobacillus-shaped bacterium which can cause
the disease yersiniosis. When it gets into human body, it needs to uptake haem molecules from us.
HemS is one of the key protein of this process. However the role that hemS places in this process is not
well understood yet. In particular, there are two Phenylalanine amino-acid sitting in the middle of the
possible reaction channel of haem and NADH. By flipping the Benzene ring of the residue, they can block
and open this path. From the optimal reaction path of this Phe-gate system that we find under different
chemical environments, here we give a picture of this process at atom level.
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Energy Landscapes Learned From Time Series And Networks
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Energy landscapes are one of the most pervasive concepts in understanding protein dynamics and
functions. It is one of the most intriguing subjects to trace single molecules by being mapped onto the
energy landscape along single molecule time series one observes in e.g., fluorescence resonance energy
transfer (FRET) measurements in photon-by-photon basis [1-8]. It should be noted that unavoidable
experimental errors such as photon statistics and the finiteness in the sampling of the time series impose
a major impediment to developing a method to resolve this problem. In addition, the question of how
energy landscape can be mapped from state network so as to be free from any projection and from
multiple pathways is also one of the central subjects. In my talk I briefly overview Local Equilibrium
State (LES) analysis [1,2,4,5] that extracts a set of local equilibrium states and free energy landscape
with taking into account experimental errors and the finiteness in the sampling of the time series, and
present a new energy landscape reconstruction scheme from the underlying (conformation) state network
that overcomes a well-known drawback in max-flow min-cut based algorithm proposed by Krivov and
Karplus [9].
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Superposition-enhanced estimation of optimal temperature spacings for
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Efficient and effective parallel tempering simulations rely crucially on a properly-chosen sequence of
temperatures. While it is desirable to achieve a uniform exchange acceptance rate across neighboring
replicas, finding a set of temperatures that achieves this end is often a difficult task, in particular for
systems undergoing phase transitions. In this talk we present a method for determination of optimal
replica spacings which is based upon knowledge of the system’s energetic minima. Working within
the harmonic superposition approximation, we derive an analytic expression for the parallel tempering
acceptance rate as a function of the replica temperatures. For a particular system and a given database
of minima, we show how this expression can be used to determine optimal temperatures that achieve a
desired acceptance rate. We test our strategy on two model systems, LJ31 and LJ75, characterizing the
effectiveness of the method as well as gains in efficiency.
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Sampling energy landscapes and comparing the resulting samplings
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This talk centers on recent work on two central problems in the realm of energy landscapes.

The first part will be devoted to sampling algorithms mixing the basin-hopping approach and the
Voronoi-based node extension strategy used by rapidly growing random tree methods. Two algorithms
mixing these ingredients will be presented, and their relative merits in striking a balance between ex-
ploration and refinement will be discussed. Results on BLN protein models will be reported, in two
directions. First, we shall comment on statistics of the local minima found. Second, we shall report
on the performances of various data structures accommodating dynamic nearest-neighbor searches for
conformations under the least RMSD distance.

The second part will discuss the problem of comparing two samplings obtained by a given exploration
method for different parameter sets, or by two different exploration methods. Having modeled a sampling
as a set of basins connected by transition paths, we reduce the comparison problem to computing a
distance between such models. Our strategy boils down to computing the earth mover’s distance, a
minimum-cost transportation plan for converting one landscape model to the other, while preserving the
adjacency of the basins mapped onto one another. Despite the problem hardness (NP-complete, not
in APX), our greedy polynomial algorithms are effective for landscapes involving hundreds of basins.
Comparison of samplings obtained for various systems will be presented.
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Nested sampling is a Bayesian method for exploring arbitrary parameters spaces. In the context of
statistical physics and chemistry it can be used to directly and efficiently compute the density of states and
thermodynamic properties. As with other Monte Carlo based methods, nested sampling struggles when
the energy landscape is very rugged, when large energy barriers separate thermodynamically important
states. We report a new hybrid method for the exploration of systems exhibiting broken ergodicity on
simulation time scales. Superposition enhanced nested sampling (SENS) combines the strengths of global
optimisation algorithms with the unbiased/athermal sampling of nested sampling, greatly enhancing its
efficiency with no additional parameters.

If time allows I will also discuss pele, a python based package for global optimization and energy
landscape exploration. pele provides tools for basin-hopping global optimization, nudged elastic band,
transition state searches, discrete path sampling, disconnectivity graphs and more.

https://github.com/pele-python/pele
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Chemical systems with complex energy landscapes range from single molecules and clusters over
surfaces to bulk crystalline and amorphous solids. We present a new program package, G42-plus, which
allows us to explore the energy landscape of various combinations of such materials, ranging from atom-
level descriptions of individual molecules or crystalline solids to combinations such as molecules on surfaces
or inside porous materials. The code contains all the capabilities and algorithms that had been available to
the earlier code, G42, which had been designed for solids and clusters. These include e.g. several variants
of simulated annealing, multi-quench, thermal cycling, and parallel tempering for global minimization
purposes, the ergodicity search algorithm for locating non-trivial locally ergodic regions, and the threshold
and the prescribed path algorithm for studies of energy barriers. In addition, G42-plus can handle flexible
molecules, flexible background structures, and surfaces, and their combinations. For energy calculations
and gradient minimizations, we can employ both built-in empirical potentials and external programs such
as GULP, AMBER, GROMACS, Quantum Espresso, CRYSTAL and VASP.
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On the numerical treatment of dissipative particle dynamics and related
systems
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We review and compare numerical methods that simultaneously control temperature while preserving
the momentum, a family of particle simulation methods commonly used for mesoscale models for complex
fluids and polymers. The class of methods considered includes dissipative particle dynamics (DPD) as
well as extended stochastic-dynamics models incorporating a generalized pairwise thermostat scheme
in which stochastic forces are eliminated and the coefficient of dissipation is treated as an additional
auxiliary variable subject to a feedback (kinetic energy) control mechanism. In the latter case, we consider
the addition of a coupling of the auxiliary variable, as in the Nosé-Hoover-Langevin (NHL) method,
with stochastic dynamics to ensure ergodicity, and find that the convergence of ensemble averages is
substantially improved. The techniques discussed here are fully consistent with hydrodynamics (Galilean
invariant) and straightforward to treat numerically. To this end, splitting methods are developed and
studied in terms of their thermodynamic accuracy, two-point correlation functions, and convergence. In
terms of computational efficiency as measured by the ratio of thermodynamic accuracy to CPU time, we
report significant advantages in simulation for the pairwise NHL method compared to popular alternative
schemes (up to an 80% improvement), without degradation of dynamical properties or convergence rate.
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High throughput Lennard-Jones structure prediction:
Crystal structures of a continuous periodic table
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The binary (AB) Lennard-Jones potential has four free parameters: two energy scales (εAB, εBB) and
two length scales (σAB, σBB). Together these can be though of as forming a simple periodic table where
we may continuously tune the interaction strengths between particles and their relative sizes. The final
parameter that can be varied is the fractional concentration of B particles, xB. A natural question that
arises is: What are all the crystal structures that can be formed by such a simple model? In this work
we apply high-throughput structure prediction to build up a database of millions of structures across a
wide range of this parameter space. By querying the database we build up a picture of an extremely rich
structure space. An example of this is shown in figure 1(a) which shows the ground state structures for
one region. The database can also be used determine the stable stoichiometries at a point in parameters
space using the convex hull construction as shown in figure 1(b).

This data has many possible application areas including self-assembly where the goal is to assemble
a particular structure by tuning the interaction between assembling constituents. This application and
other insights into structure formation will be discussed further.
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Figure 1: (a) A slice through parameter space showing the ground state structures of AB composition.
(b) A convex hull showing the stability of various concentrations for a fixed point in parameter space.
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Improving basin-hopping for biological systems

Kyle Sutherland-Cash and David J. Wales

khs26@cam.ac.uk

University Chemical Laboratory, Lensfield Road, Cambridge CB1 2EW, United Kingdom

Molecular simulations focus on deriving the physical properties of systems, with the hope of explaining
experimental results or making new predictions. This relies on a knowledge of the free energy surface
of the system, which can be calculated by numerous different methods. One of these methods is the
harmonic superposition approximation (HSA), also known as the inherent structure approach described
by Stillinger and Weber. The first part of this talk focuses on using the HSA to calculate the free energy
of minima during basin-hopping sampling, thereby sampling directly from the free energy surface.

A second challenge is the large search space, which must be explored to adequately derive these
physical properties. This can be tackled by reducing the dimensionality of the problem through coarse
graining, or by focusing exploration on the relevant low-lying areas of the potential energy surface. The
second part of this talk describes development of a method for protein systems which samples primarily
from accessible rotameric states, through use of a rotamer library for the AMBER force field.
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Clusters of coarse-grained water molecules
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Global optimization for molecular clusters can be significantly more difficult than for atomic clusters
because of the coupling between orientational and translational degrees of freedom. A coarse-grained
representation of the potential can reduce the complexity of this problem, while retaining the essential
features of the intermolecular interactions. In this study, we use a basin-hopping algorithm to locate
putative global minima for clusters of coarse-grained water molecules modeled using a monatomic water
potential for cluster sizes 3 ≤ N ≤ 55. We characterize these structures and identify structural trends
using ideas from graph theory. The agreement with atomistic results and experiment is rather patchy,
which we attribute to the tetrahedral bias in the three-body potential that results in too few nearest
neighbor contacts and premature emergence of bulk-like structure. In spite of this issue, the results offer
further useful insight into the relationship between the structure of clusters and bulk phases, and the
mathematical form of a widely used model potential.

48



Collective motions of complex molecular systems driven by spontaneous
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Introduction: Collective motions play essential roles in chemical reactions, self-organization of
nanostructures, and functions of biomolecules. For the understanding of the mechanisms for collec-
tive motions of complex molecular systems, understanding of many-body dynamics governed by multi-
dimensional energy landscapes is important. In this presentation, we address the significance of sponta-
neous symmetry breaking associated with geometric phases in many-body dynamics. One of the most
intriguing geometric phases comes into play in the coupling between shape changes and rotations of a
deformable body. This coupling is known as the so-called “falling cat” effect: A falling cat can change its
orientation in the air by changing its shape under the conditions of zero total angular momentum. Math-
ematically, the “falling cat” effect gives rise to the gauge fields and non-Euclidean geometry in internal
space, i.e., shape space, of many-body systems. The present study explores the physical significance of
these gauge fields and non-Euclidean geometry in collective motions of complex molecular systems from
the following two aspects.

Oblate-prolate transitions of clusters: We first investigate structural transitions of atomic clus-
ters between isomers that have oblate and prolate mass distributions (Fig. 1(a)). We show that the
non-Euclidean nature of shape space dynamically gives rise to a spontaneous symmetry breaking of the
mass distributions of the cluster. More specifically, twisting motions of the cluster induce associated
internal centrifugal forces that have the effect of breaking the symmetry of mass distributions. Therefore,
activation of a specific twisting motion that has the effect of breaking the symmetry between the two
largest gyration radii is important for the onset of structural transitions from an oblate isomer. On the
other hand, activation of a specific twisting motion that has the effect of breaking the symmetry between
the two smallest gyration radii is important for the onset of structural transitions from an prolate iso-
mer. Based on these onset mechanisms, one can induce structural transitions of the cluster effectively by
selectively activating specific internal motions of the cluster. (Joint work with Dr. Wang Sang Koon)

Chiral symmetry breaking of helical polymers: We also highlight the significance of symmetry
breaking in the elasticity and dynamics of helical polymers. Helical motifs are ubiquitous among biopoly-
mers at various scales. Examples include the double-stranded helix of DNA, α-helix of proteins, and
helical actin filaments. Given the ubiquity of helical motifs among biopolymers, helical chirality, i.e., the
handedness of helices, is an intriguing property. For example, the double-stranded helix of B-form DNA
and that of actin filaments both have the right-handed chirality. Our study based on a coarse-grained
modeling indicates that right-handed double-stranded helical polymers generally possess a spontaneous
propensity to writhe in the left direction and to form left-handed superhelices under the influence of noise
(Fig. 1(b)). We present the significance of this chiral symmetry breaking in the selection of the universal
left-handed wrapping of DNA in nucleosomes. We will also explore the significance of this effect in the
asymmetric motions of motor proteins. (Joint work with Prof. Kenichi Yoshikawa)

(b)(a)

Figure 1: (a) Structural transitions of an Ar7 cluster. (b) Chiral symmetry breaking of a double-stranded helix.
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Energy landscapes of planar colloidal clusters
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A short-ranged pairwise Morse potential is used to model colloidal clusters with planar morphologies.
Potential and free energy global minima as well as rearrangement paths, obtained by basin-hopping global
optimisation and discrete path sampling, are characterised. The short range of the potential is found
to favour close-packed structures, and we demonstrate how the symmetry and quasi-degeneracy of the
low-lying potential energy minima primarily determine the free energy global minimum.

(a)

(b)

(c)

(d)

Figure 1: Examples of pathways for the ten-particle cluster showing: (a) rotation of three particles; (b) rotation
of four particles; (c) a transition state with a pentagonal ring; and (d) two concerted diamond-square-diamond
mechanisms
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Cooperative rearrangements in clusters of anisotropic particles
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The shape and interaction anisotropy of building blocks defines not only the way such particles aggre-
gate, but their dynamical properties as well. The building block anisotropies are therefore of particular
importance in the functioning of biological systems and the design of mesoscale structures with well-
defined properties. Low-energy aggregates of simple anisotropic building blocks usually interconvert via
highly cooperative motions that are specific to the system itself. I will present different mechanisms spe-
cific to complex structures such as sliding rearrangements in open tubes, hinge-moves in Bernal spirals,
string bends in clusters of triblock Janus particles etc. Among these, some can be seen experimentally,
but in nanoscale structures such mechanisms are yet to be confirmed.
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A toolkit and benchmark study for FRET-restrained high-precision

Mykola Dimuraab†, Stanislav Kalinina, Thomas Peulena, Simon Sindberta, Holger Gohlkeb‡ and
Claus A. M. Seidela
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Germany

A comprehensive toolkit for FRET-restrained modeling of biomolecules and their complexes is pre-
sented for quantitative analysis in structural biochemistry. A dramatic improvement in precision of
FRET-derived structures is achieved through explicitly considering spatial distributions of dye positions
and motions, which greatly reduce uncertainties due to flexible dye linkers. The precision and confi-
dence levels of the models are calculated by rigorous error estimation. Furthermore, we introduce a
new approach of FRET-guided “screening” of a large structural ensemble created in silico via all-atom
molecular dynamics or coarse grained simulations. An experiment planning tool is introduced which
allows one to determine efficient labeling positions and distance pairs for FRET measurements based on
known structural information or simulation results. Topology space analysis can also be performed. Per-
distance information content contributions can be evaluated. Using this approach, formerly unknown
conformations of various biomolecules were determined. The software package is available from authors.
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Optimisation of interactions for self-assembly
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Anisotropic interactions constitute one necessary ingredient for molecular or colloidal building blocks
to self assemble reliably into well defined target structures. The present study probes the limits of
reliability and the complexity of the target that can be reached by decorating building blocks with patchy
interactions. To investigate these matters systematically, we introduce a highly idealised model of cubic
building blocks that have patterns of attractive patches on their faces. Here the model is applied to a
tetramer target cluster. The assembly pathways and efficiency of different building block patch patterns,
incorporating features including hierarchical design and specific interaction types are presented. The
model can readily be extended to incorporate interaction alphabets of arbitrary size, internal degrees of
freedom, and allosteric coupling.

In order to simulate trajectories with physically meaningful dynamics, we have devised a hybrid Monte
Carlo scheme with a minimal number of parameters that permits efficient internal relaxation of clusters of
interacting particles whilst also delivering translational and rotational diffusion of the clusters themselves
that approximates Stokes’s laws with regard to the cluster size.
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A study of virus capsid formation based on RISM theory
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Abstract: We used reference interaction site model (RISM) to study coarse grained model for virus
capsid formation. We confirmed that radial distribution functions (RDFs) calculated by RISM were in
reasonable agreement with that of Monte Carlo (MC) simulation.

Introduction: Virus capsid formation is a typical example of self-assembly. The formation mecha-
nism has been investigated by several models. Recently, coarse grained model was proposed by Wales [1].
Doye et al. studied the success and efficiency of assembly of this system as a function of thermodynamic
condition using Monte Carlo (MC) simulation [2]. We use one of integral equation theories (IETs), ref-
erence interaction site model (RISM) [3] to study this system. IET, which is an alternative approach
to conventional simulations, can provide an analytical framework to evaluate distribution functions and
thermodynamic quantities of the system.

Method: The equation of RISM is given as follow;

h = ω ∗ c ∗ (ω + ρh),

Here “∗” denotes convolution integral. Symbols ω, h and c are intramolecular, total and direct correlation
functions, respectively, with the number density ρ. Kovalenko-Hirata (KH) closure is adopted in the
present study to solve the equation,

hab =

{
exp(−βuab + hab − cab) − 1 for hab ≤ 0,

−βuab + hab − cab for hab > 0

where β = 1/kBT , kB is the Boltzmann constant, and uab is the interaction between site a and b.
Radial distribution function (RDF, g), which is calculated by g = h+ 1, describes structure of the liquid.

Figure 1: RDFs of homogeneous liquid

Results: A constituent element of this model sys-
tem is a pentamer which has one repulsion site “R”
and five bonding site “a” (see figure). RDFs of ho-
mogeneous liquid of a pentamer were calculated by
RISM/KH at kBT/ε = 0.27 and ρ/σ3 = 0.03556.
This is a thermodynamic condition where self-
assembly was not observed in the previous MC
study [2]. We also calculated RDFs using MC sim-
ulation at the same thermodynamic condition (see
figure). The peak positions of RDFs by RISM are
in reasonable agreement with that of MC. At the
presentation, we will discuss the self-assembly of
this model.
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Hierarchical self-assembly of magnetic colloids
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Colloidal self-assembly, which is a promising means for structure fabrication, is governed by a mul-
titude of forces [1]. Magnetic colloids are a classic example of anisotropic colloids [2], which offer rich
avenues to a spectacular variety of structures via self-assembly. Here global optimisation results will be
presented to demonstrate hierarchical self-assembly of a novel class of magnetic colloids to well-defined
chiral architectures.
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Chiral effects on the energy landscape of polyalanine
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The homochirality of the natural amino acids facilitates the formation of regular secondary structures
such as α-helices and β-sheets. However, many examples exist in nature where polypeptide topologies
use both l- and d-amino acids. We study how stereochemistry of the polypeptide backbone influences
the stability and structure of alanine polymers. Further, we try to explore the possibility of helical
configurations among various stereoisomers of alanine hexamers by performing global optimizations and
constructing detailed energy landscapes and the effect of solvent on backbone topology.
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Microcanonical thermostatistics from canonical Monte Carlo simulations
with ST-WHAM-MUCA
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Microcanonical thermostatistics analysis has become a fundamental tool to reveal essential aspects
of phase transitions in complex systems1−4. For systems that exhibit first-order phase transitions, the
microcanonical entropy presents a convex region in which macroscopic states are unstable in the canonical
ensemble, resulting in the inequivalene between these ensemble descriptions5. Due to the instability of the
states in the transition region, naive implementations of the canonical simulations could be trapped in one
of the phases during long periods of the simulations, which may lead to wrong evaluation of the thermody-
namics quantities. One approach used to attenuate such trapping effects is the multicanonical algorithm
(MUCA)6, which is a flat-histogram algorithm that allows both the evaluation of the microcanonical en-
tropy S(E) from the multicanonical sampling weights, i.e. a(E) and b(E); and the calculation of canonical
thermal averages over a wide range of temperatures. However, MUCA has the disadvantages that the
step of determining a(E) and b(E) is not parallelisable and it requires a priori discretization of the energy
space. At other hand, an efficient sampling approach is the replica exchange method7 (REM), which can
be easily implemented in parallel and does not requires the a priori discretization. It is well known
that canonical thermal averages ca be obtained from REM simulations with aid of multiple histograms
techniques such as the weighted histogram analysis method8 (WHAM) but an iteration-free version of
WHAM was recently proposed to evaluate the inverse of the statistical temperature9 (ST-WHAM) which
is a suitable estimate to the microcanonical inverse temperature β(E) = dS(E)/dE. Here we present a
method to calculate the microcanonical entropy S(E) from the inverse statistical temperature obtained
with ST-WHAM by using the recurrence relations of the multicanonical sampling weights, also called
ST-WHAM-MUCA10. On the basis of comparison with the multicanonical simulation estimates of S(E),
we demonstrate that ST-WHAM-MUCA approach is suitable to evaluate the microcanonical entropy
from canonical simulations by considering a two-dimensional Ising model with dipole interactions in a
region of the phase diagram that displays first-order phase transitions with strong free-energy barriers.
Also, we show how ST-WHAM-MUCA can be used to evalute the folding free-energy profiles and latent
heats of different proteins with amyloidogenic propensity described by a minimalistic protein model4.
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Visualisation of cyclic peptide energy landscapes
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The calculation of collective variables in molecular science can be a powerful tool, both reducing the
computational workload in simulation and revealing essential physical processes, whilst ignoring noisy
or irrelevant information. We present a novel method for visualising the energy landscape, the “met-
ric disconnectivity graph”, which combines structural information in the form of collective variables
with kinetic and energetic properties of the landscape1,2,3. In this study, we demonstrate the utility
of the metric disconnectivity graph by studying the energy landscape of the cyclic peptide cyc-(Proline-
βGlycine-Lysine-βGlycine)4,5. Cyclic peptides have a number of properties that make them interesting to
study using both experiment and theory. They exhibit biological activity, they can form novel ligands for
metals and they have been observed in experiment and simulation to self-assemble into stable nanotubes.
Minima on the landscape were sampled using the basin hopping Monte Carlo algorithm implemented
in GMIN6, and transition states were located using the doubly-nudged elastic band method and hybrid
eigenvector following in OPTIM7. Collective variables calculated from two methods are reported; Princi-
pal Component Analysis, which re-expresses the data cloud in terms of its axes of greatest variance, and
Isomap8, a nonlinear, nonparametric dimensionality reduction technique. We observe that connections
between energy landscape features and collective structural variables can be identified, and that they can
be effective in identifying and distinguishing between minima in molecular dynamics simulations.
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Figure 2: Metric Disconnectivity graph (a) of the free energy landscape at 300K for cyc-(PβGKβG) in implicit
solvent plotted according to the 1st and 3rd dihedral principal components. Molecular Dynamics simulation (b)
of cyc-(PβGKβG) in TIP3P solvent projected onto the same co-ordinates
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