University of Tennessee, Knoxville

na LINIVERSITY o

TENNESSEE TRACE: Tennessee Research and Creative
FHOREE Exchange
Doctoral Dissertations Graduate School

12-2012

Towards a Unification of Supercomputing, Molecular Dynamics
Simulation and Experimental Neutron and X-ray Scattering
Techniques

Benjamin Lindner
blindne1@utk.edu

Follow this and additional works at: https://trace.tennessee.edu/utk_graddiss

b Part of the Atomic, Molecular and Optical Physics Commons, Biophysics Commons, Numerical
Analysis and Scientific Computing Commons, and the Structural Biology Commons

Recommended Citation

Lindner, Benjamin, "Towards a Unification of Supercomputing, Molecular Dynamics Simulation and
Experimental Neutron and X-ray Scattering Techniques. " PhD diss., University of Tennessee, 2012.
https://trace.tennessee.edu/utk_graddiss/1589

This Dissertation is brought to you for free and open access by the Graduate School at TRACE: Tennessee
Research and Creative Exchange. It has been accepted for inclusion in Doctoral Dissertations by an authorized
administrator of TRACE: Tennessee Research and Creative Exchange. For more information, please contact
trace@utk.edu.


https://trace.tennessee.edu/
https://trace.tennessee.edu/
https://trace.tennessee.edu/utk_graddiss
https://trace.tennessee.edu/utk-grad
https://trace.tennessee.edu/utk_graddiss?utm_source=trace.tennessee.edu%2Futk_graddiss%2F1589&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/195?utm_source=trace.tennessee.edu%2Futk_graddiss%2F1589&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/4?utm_source=trace.tennessee.edu%2Futk_graddiss%2F1589&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/147?utm_source=trace.tennessee.edu%2Futk_graddiss%2F1589&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/147?utm_source=trace.tennessee.edu%2Futk_graddiss%2F1589&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/6?utm_source=trace.tennessee.edu%2Futk_graddiss%2F1589&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:trace@utk.edu

To the Graduate Council:

| am submitting herewith a dissertation written by Benjamin Lindner entitled "Towards a
Unification of Supercomputing, Molecular Dynamics Simulation and Experimental Neutron and
X-ray Scattering Techniques." | have examined the final electronic copy of this dissertation for
form and content and recommend that it be accepted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy, with a major in Life Sciences.

Jeremy C. Smith, Major Professor
We have read this dissertation and recommend its acceptance:
Jerome Baudry, Hong Guo, Xiaolin Cheng, Tongye Shen
Accepted for the Council:
Carolyn R. Hodges
Vice Provost and Dean of the Graduate School

(Original signatures are on file with official student records.)



Towards a Unification of Supercomputing,
Molecular Dynamics Simulation and
Experimental Neutron and X-ray Scattering

Techniques

A Dissertation
Presented for the
Doctor of Philosophy
Degree

The University of Tennessee, Knoxville

Benjamin Lindner

December 2012



(© by Benjamin Lindner, 2012
All Rights Reserved.

ii



To all which makes life worth living for

iii



Acknowledgements

My gratitude stretches out to all people who made my work at UTK/ORNL enjoyable and possible.
In particular, I thank:

Jeremy C. Smith for putting enough trust into me to handle multi-million dollar computational
equipment and investments, paying for all the bills I had to cover in the meantime and for
being so forthcoming with support when needed.

Roland Schulz for closely sharing the Ph.D. experience from the start and our continued
collaboration and friendship.

Loukas Petridis for being a friend and colleague and keeping me on my toes.
Angelina Pfeuffer for being such a great daughter and making me already feel obsolete.

Andrea Pfeuffer for stepping back for me.

v



For all his bluster, it is the sad province of Man that he cannot choose his triumph. He can only
choose how he will stand when the call of destiny comes... hoping that he’ll have the courage to
answer.

Tim Kring, Don’t Look Back, Heroes



Abstract

Molecular dynamics simulation has become an essential tool for scientific discovery and investigation.
The ability to evaluate every atomic coordinate for each time instant sets it apart from other
methodologies, which can only access experimental observables as an outcome of the atomic
coordinates. Here, the utility of molecular dynamics is illustrated by investigating the structure
and dynamics of fundamental models of cellulose fibers. For that, a highly parallel code has
been developed to compute static and dynamical scattering functions efficiently on modern
supercomputing architectures. Using state of the art supercomputing facilities, molecular dynamics
code and parallelization strategies, this work also provides insight into the relationship between
cellulose crystallinity and cellulose-lignin aggregation by performing multi-million atom simulations.
Finally, this work introduces concepts to augment the ability of molecular dynamics to interpret
experimental observables with the help of Markov modeling, which allows for a convenient
description of complex molecule dynamics as transitions between well defined conformations. The
work presented here suggests that molecular dynamics will continue to evolve and integrate with
experimental techniques, like neutron and X-ray scattering, and stochastic models, like Markov
modeling, to yield unmatched descriptions of molecule dynamics and interpretations of experimental
data, facilitated by the growing computational power available to scientists.
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1. Introduction

The fundamental premise of structural biology is that biological function arises from the interactions
and properties of molecules. The power to manipulate biological function in a controlled manner is
thus closely related to the capacity to understand and study molecules and to exert change on the
molecular level. With recent advances in drug design |1, 2] and genetic engineering |3, 4], structural
biology is one of the most successful domains of applied nanotechnology to date [5, 6, 7, §|.

The advancement of structural biology was and still is greatly facilitated by progresses in
experimental techniques which allow the characterization of molecules on many different structural
levels. Mass spectrometry is frequently used to discover molecular chemical composition and
structural motives [9], X-ray and neutron crystallography are used to determine molecular shape and
configuration [10], NMR is used to detect the specific chemical environment within molecules [11],
microscopic methods are used to localize molecules within a given environment or detect their
association with each other [12], and many more techniques exist. It is fair to say that it is the
combination of techniques which gives the experimental toolkit such a versatility.

A subgroup of experimental techniques not only allows the determination of molecular structure
but also dynamics. The time resolution of the technique is closely related to the type of physical
process it is exploiting. E.g. NMR uses spin polarization to study diffusion processes and changes in
chemical environments |[13] and probes the millisecond time scale, while the scattering of neutrons
and X-rays is sensitive to time-dependent changes in the positions of atoms [14] and probes the
nanosecond to picosecond and picosecond to femtosecond time scale.

The interpretation of experimental data and the study of molecular dynamics was traditionally
(prior to the establishment of molecular simulation techniques) constrained to simple, yet powerful,
analytical theories. A prominent example is the inverse scattering problem in small angle neutron
scattering (SANS), where the one dimensional scattering vector length dependent scattering
intensity, S(q), can be matched against a library of intensity profiles computed from idealized
geometric shapes [15]. While this approach works fine whenever the particular molecule is static
and resembles an idealized shape, it falls short for most realistic molecules, because they may adopt
a variety of shapes with different probabilities. Molecular dynamics (MD) simulation assisted SANS
solves this problem by computing the molecular shapes and their probability distribution a priori.
However, it requires knowledge of the structural composition of the molecule which may not be
accessible. Another example where the experimental data suffers from underdetermination is in
dynamic neutron scattering in which a relatively simple signal may result from the superposition
of many relaxation processes [16]. Here, MD simulation can be used as a deductive tool, matching
experimental spectral fingerprints to the corresponding fingerprint calculated for various simulation
conditions.

The establishment of Petascale supercomputing facilities [17, 18] and the shift towards massively
parallel computing platforms is rapidly changing the landscape of scientific data analysis. On the
one hand the increase in computational power generates more raw data for the interpretation of
scientific experiments, on the other hand the data analysis can be performed at a much higher fidelity.
Especially molecular dynamics simulation assisted interpretation of neutron and X-ray scattering
experiments is an example of a highly CPU-intensive analysis, which considerably benefits from
massive sampling [19, 20].



2. Theory

The convergence between supercomputing, molecular dynamics simulation and experimental
scattering techniques brings together a diverse set of aspects, including computational performance,
approximation procedures, and data analysis strategies and interpretation. It is the intent of the
following sections to cover some of those aspects and put them into perspective.

2.1. Molecular Dynamics Simulation

The objective of molecular dynamics simulation is to compute trajectories in time and space by
solving Newton’s equation of motion for each atom within the simulated system. From that, all
thermodynamic and statistical properties of the comprised molecules can be derived. Another
approach to derive these properties usually is a variation of a Monte Carlo based simulation,
where the configurational space of the molecular system is explored by evaluating the value of
the potential energy and creating a set of configurations with a maximum of likelihood. Monte
Carlo is computationally less demanding and offers better task parallelism properties than molecular
dynamics. However, Monte Carlo is a probabilistic scheme and cannot be used whenever the type
of molecular motion and the transitional dynamics between configurations is of interest.

The need for massive sampling has motivated a variety of enhancements to plain molecular
dynamics. Path-sampling methods usually employ artificial potentials to overcome kinetic barriers
by increasing the likelihood of the transition state [21]|, Replica-exchange methods take advantage
of a general increase in kinetic barrier crossing at higher temperatures and perform configurational
swapping between parallel simulations at different temperatures based on energetic overlap [22], and
multiscale coupled dynamics slaves the slow transitional dynamics of an atomic-detailed simulation
to the smoother and kinetically enhanced dynamics of a coarse-grained simulation [23]. The list
of enhancement protocols is long and continually evolving. However, each enhancement is build
around the basic properties of the plain molecular dynamics methodology, which is to solve the
equations of motions based on a set of well described forces.

Even though this work makes exclusive use of an all-atom description of the molecules, the
methodology itself is independent of the granularity of the involved particles. Hence coarse graining,
i.e. the combination of certain atoms to a single bead with its own properties, is commonly used to
reduce the computational demand for larger scale systems by reducing the degree of freedoms and
removing fast motions, e.g. the hydrogen bond vibrations. However, coarse grained descriptions
are very limited to the specific chemical and molecular environment they were created for, which is
why they frequently rely to a degree on all-atomic simulations for validation.

2.1.1. Force Field

The methodology of molecular dynamics (MD) simulation is based on the premise that the motions
of molecules are governed by a set of clearly distinguishable forces. On a basic quantum mechanical
level every force is based on the electrostatic and spin coupled interactions between electrons and
nuclei, and thus quantum mechanical calculations are frequently used to derive parameters for the



set of forces used in MD simulation [24]. The most common form of a molecular force field is given
by the total energy potential, V (#):

V(™) = Z % Ui —lip)® + Z % (6; — 0;0)° + Z %(1 + cos(nw — 7))

bonds angles torsions
de: | [ 22 _ (v e 2.1
P3P ( N <7“z'j > <7“z'j " dmeoris 21

i=1 j=i+1

where >0 060 Dangless @0 D yorsions are the strong bonded interactions which require chemical
cleavage to be resolved and the last term comprises the non-bonded interactions which describe
van der Waals short ranged repulsion and attraction with a Lennard-Jones potential and long-
ranged coulombic interactions. The simple form of this molecular force field does not allow the
simulation of chemical cleavage or dynamic electronic polarization, which can be important under
some special circumstances [25]. Both limitations can be alleviated by using special purpose MD
force fields [26, 27] and hybrid QM /MM simulation software [28]. However, the common form of
the MD force field is a satisfactory approximation for simulation studies which are interested in the
configurational sampling of molecules and their interactions. Additional variety exists for the set
of force field parameters available, because the derivation of the force field coefficients is neither
unique nor constrained to a particular methodology [29, 30]. The main difference between fixed-
charged force fields, like CHARMM and AMBER, tends to be their convergence point for the static
polarization terms in the modeled molecules [31].

Not considered part of the actual force field, but equally important is the treatment of non-
bonded interactions during the calculation, because they need to be truncated for computational
efficiency [32]. While the truncation of the Lennard-Jones term usually just offsets the effective
pressure of the simulation system, artifacts in the electrostatic field calculation can severely alter
the resulting molecular dynamics [33]. Two computationally efficient electrostatic treatments are
Particle Mesh Ewald (PME) [34, 32] and Reaction Field (RF) [35, 36, 37, 38]. PME splits the
computation of the electrostatic field into two terms, one for short-ranged electrostatic with a
cut-off, and a long-ranged term which is solved using the Fourier transform of the global charge
distribution. RF instead avoids the discontinuity of the electrostatic force at the cut-off distance by
assuming each charge to be surrounded by a dielectric material with a significantly higher charge
conductivity, leading to a strong dampening of the electrostatic force at the cut-off distance. RF
was originally derived for neutral molecules, but has been shown to give promising results for locally
charged systems as well [39].

2.1.2. Equations of Motion

The force field is used to compute the acceleration, d(t), for each atom from its coordinates, Z(t),
and the positions of all other atoms. The molecular dynamics software then solves the differential
equation for the equation of motion by integrating with a sufficiently small time step, §t. A
commonly used algorithm to update coordinates, Z(t), and velocities, ¥(t), is known as Velocity
Verlet [40]:

1,

Z(t+0ot) = Zt)+0(t) 0t+-a

Sa(t) - 5t (2.2)

T(t+6t) = 6(t)+ . 6t (2.3)



For fully atomistic systems with no motional constrains the typical time step needs to be 6t < 1fs
to achieve numerical stability and avoid errors in the calculation of the forces. Integration errors
lead to a loss of energy conservation and affects the apparent temperature of each atom, due to
inaccurate velocities.

Because the stability and the numerical accuracy of the algorithm is mainly related to the
maximum velocities of the particles, the motions of light atoms, like hydrogens, are usually the
limiting factor for the time step. A larger time step of 0t = 2fs can be achieved by removing
the hydrogen bond vibration by constraining their position to the equilibrium distance to their
bonded heavy atoms. Even larger time steps are possible by additionally removing their angle
vibrations. Different numerical procedures have been developed to implement these constrains.
The first, which is still in use today, is SETTLE [41], which only works for molecules with 3 atoms
and is thus mainly used for water molecules. Two other constrain algorithms commonly used are
SHAKE [42] and LINCS [43] and are applicable to larger molecules.

A relatively newly developed scheme to retain stability and accuracy for larger time steps, are
virtual sites [44]. They are superior to traditional constrain algorithms in cases which involve
angle constains, e.g. the methyl group rotation dynamics, where SHAKE and LINCS have been
shown to severely alter the macromolecular flexiblity and reduce the number of torsional and angle
transitions [45].

2.2. Scattering Techniques

The theory of X-ray and neutron scattering is well known [14, 15, 46]. In the classical description
of scattering theory the atomic particles are sources of plane waves, which may interfere in different
ways dependent on the type of scattering experiment. The scattering patterns arise from the
constructive interference of atomic scattering amplitudes a(q,t):

an(q,t) = bn(q) - €T (2.4)

where ¢ is the scattering vector, b,(q) is the atomic prefactor and 77, (t) is the time dependent
Cartesian position vector of atom n. The total scattering amplitude for all atoms, A(g,t), and the
associated scattering intensity, F'(q,t), is given by:

F(q,t) = A(@.t) - A(,t) = |A(@. t) (2.5)

where A(G,t) =Y an(q.1) (2.6)

and A*(q,t) is the complex conjugate of A(q,t). A(q,t) may be associated with a higher
organizational structure in which the individual atoms are incorporated.

The atomic prefactor b, is different for X-ray and neutron scattering. In X-ray scattering it
represents the form factor of the electronic shell of the respective atom and is approximated as a
series of Gaussians [47]:

b (§) = Zc e~ dilar? (2.7)

where the set of ¢; and d; are empirically derived constants. In neutron scattering, b,, is the atomic
scattering length, which is different for each isotope and independent of |g]. The variation of the
atomic scattering length due to isotopic distribution and random nucleic spin orientations gives rise
to coherent and incoherent scattering, which is described by two distinct scattering lengths for each



isotope type: b°" and b™¢ [48]. The resulting total scattering function for neutron scattering is
therefore split into a coherent part F,;, and an incoherent part, Fj,. :

F(q_; t) = Fcoh(q_: t) + ch((j; t) (28)
Foon(@t) = 1) ai?™(@ 1) (2.9)

Fpe(@,t) = Y _ lay“(@. 1) =Y (b))? (2.10)

n

The coherent scattering function is based on the total scattering amplitude A(q,t) and uses b°",
while the incoherent function is associated with atomic scattering amplitudes a,(q,t) and uses b,
In dynamic scattering experiments the scattering amplitudes at times ¢ and ¢+ 7 are superimposed,
resulting in a correlated time signal of the form:

F(g,t,7) = A(g,t) - A (g, t +7) (2.11)

or

Sl @ t,7) = an(q,t) - ap (Gt +7) (2.12)

where F(q,t,7) and f,(q,t,7) are the total and atom-correlated time signals, respectively.

2.2.1. Solution Scattering

In solution scattering a large number of identical solute particles are in a solvent permitting solute
rotational and translational motion. Thus, there is no preferred orientation and the scattering
signal becomes isotropic, i.e., independent of the sample orientation: F(q,t) — F(q,t). Also, the
system can be in any of its thermodynamically allowed states, resulting the scattering representing
the ensemble average of the individual particle dynamics, which is taken as the MD time average:
F(q,t) — (F(q,t)),- The scattering expression associated with solution scattering conditions is
therefore:

F(Q) = Np <<F(Cfa t)>t>Q (2~13)

where Np is the number of scattering particles and (), performs the orientational averaging for all
orientations of the scattering vector ¢. For solution scattering, the solute atomic scattering factors
can be adjusted to represent the proper scattering length contrast, as is outlined in Ref. [49].

2.2.2. Crystal Diffraction

In a crystal diffraction experiment the scattering particles are orientationally aligned. The resulting
scattering pattern is a convolution of the scattering due to the lattice and the scattering unit. The
scattering expression associated with diffraction is:

F(§) = Np (F(3,0)), (2.14)

where Np is the number of scattering particles. The scattering function due to the crystal lattice
is neglected for simplicity, but can be modeled explicitly in MD simulations.



2.2.3. Dynamic Scattering

Dynamic scattering experiments allow the measurement of either the intermediate scattering
function I(q, 7) or the dynamic structure factor S(g,w). Since S(q, w) is simply the Fourier transform
of 1(q, ), only the intermediate scattering function I(q, 7) is discussed in the following. In dynamic
X-ray and coherent neutron scattering the scattering intensities arise from a superposition of the
total scattering amplitude A(q,¢) at two times ¢ and ¢t 4 7, given by:

Icoh(%T) = <<F(C‘7¢ ta T)>t>Q (215)

which probes structural-temporal correlations. Dynamic incoherent neutron scattering measures
the superposition of the individual atomic scattering amplitudes a,,(q,t) at ¢t and ¢t + 7, and is given
by

Tine(a,7) = Y (@1, 7)) (2.16)
n
which probes correlations in the displacements of individual atoms. For large correlation times
T — 00, the coherent and incoherent dynamic scattering function converge, allowing the function
to be split into time-dependent and -independent parts:

Icoh,inc(Qa T) = :oh,mc(% T) + Icoh,inc(% OO) (2.17)

where Ieop inc(q,00) are the elastic coherent and incoherent structure factors (EISF) and can be
approximated without the need to compute the autocorrelation:

Loon(a,50) = ({A@ D)) (2.18)

Linelq, o) = EISF(q) = > ({an(@ D)) (2.19)

n

2.3. Markov State Modeling

Molecular dynamics simulations produce trajectories, describing the Cartesian coordinates of atoms
in time and space. For molecular systems, the motion can be decomposed into translational,
rotational, and internal dynamics, where the latter can be conveniently described in the framework
of MSM [50]. MSM describes the internal molecular configuration space as a set of conformational
substates s = {1,...,m}. The transitional dynamics between these states then follows the
characteristic m x m matrix T'(7), which contains the conditional probabilities, Tj;, of finding
the system in state j at time ¢ + 7 given that it was in state i at time ¢:

Tij = P(st4r = jlse = 1) (2.20)

The transition matrix, 7'(7), is based on the chosen lag time 7 (the time step for building the
MSM). The time evolution of the system is governed by the equation

p(t+71)=p(t) - T(7) (2.21)

where p(t) is a m-dimensional row vector containing the probability to find the system in each of
its m states at time t. If the time evolution of the probabilities follows the Markov property, then



for longer time increments, n -7, T'(n-7) = T'(7)™ holds and equation 2.21 becomes:
plt+n-7)=p(t)-T(n-7)=p) [T(7)]" (2.22)

The approximation of the underlying dynamics with a Markov model requires appropriate choices
for the state space variables and the lag time and needs to be systematically validated [50]. Using
the assumption of detailed balance, which holds true for a system under equilibrium conditions, the
eigenvalue decomposition (EVD) of the transition matrix yields:

T(r)=® -A(r)- @ '=R-A(r)-R"'=R-A(r)- L (2.23)
where & = (¢1,...,0m) and A = diag(A1,...,\y) are an arbitrary eigenvector decomposition
and the eigenvalue matrix, respectively, and L = (l,...,l,) and R = (r1,...,7y) are the left

and right eigenvector matrices, which are normalized against the equilibrium distribution Il =

diag (w1, ..., Tm): .

\/QS{'H‘CZ)k:.

The relationship L = R~! can be used to interconvert left and right eigenvectors. The eigenvectors
I provide information about the structural change, while the corresponding eigenvalues A only
describe the relaxation time. Transitions [ with Ay < 1 correspond to fast processes, while
transitions with Ay ~ 1 describe slow ones. Since T'(7) is a stochastic matrix, the first process,
l1, has, by definition, an eigenvalue of A1 = 1, and thus corresponds to the equilibrium distribution
of the system Il = (7q,...,my,). The characteristic relaxation time, tx, of each process, lx, can be
calculated from the eigenvalues, Ag:

T = ¢k (2.24)

-
ty = ——7— 2.25

k In Ag(7) (2:25)

Ideally, the deduced relaxation time, ¢, is independent on the choice of the lagtime 7. However,
due to different sources of errors, this is usually not the case and finding a suitable T requires an

implied time scale analysis [51].

2.3.1. Correlation Functions

Any time correlation function between an observable a and b can be expressed as transitions between
states ¢ and j, given their correlation matrix, C' (1) [16]:

(a(t)b(t+ 7)), = Z Cijaib; (2.26)

Each time instant, ¢, is associated with one of a finite set of states, s, that the system can be in.
In this case a; and b; become the expectation values of the observables for states 7 and j, and the
coefficients C;; represent the absolute probabilities of a transition from state i to state j:

Cij = P(s(t+7) = j,s(t) =) (2.27)

Using a; and b; as expectation values introduces the assumption, that the averaging is mainly
performed over processes which exist on a time scale significantly shorter than the lagtime 7. A
consequence of performing this mapping is that any dynamics within a discrete state s cannot be
resolved and only transitions between states contribute to the time-dependence of the correlation



function. Eq. 2.26 can be rewritten by using C' as the correlation matrix and e, and e, as the
column vectors containing the expectation values of a and b | i.e.,

€ai = (a(t))gpy=i €5 = (b(t))s(t)=; (2.28)
which yields:
(a®)b(t+ 7)), =el - C-e (2.29)

The absolute probabilities, C;;, and conditional probabilities, T;;, are closely related:

. . P(s =74, 8 =1 P(s =4, 8 =1 Cii
Tij = P(st4r = jlst =1) = ( tg(st]—z’; ) = (5047 W‘? i ) = 7:, (2.30)
- A 7

and the correlation matrix, C'(7), can be expressed in terms of T'(7) and the probability distribution,
1I:
C(r)=M1-T(r)=L" - A(7)- L (2.31)

which leads to an expression connecting the correlation function with the Markov state model:
(a(t) -a(t+71)), = el Cr)-ep=el LT -A(r) - L-e (2.32)
By using the eigenvector representation of C'(7):

LT-A(r) L= I M(7) - (2.33)
k

the equation 2.32 can be split into a sum over relaxation processes, k:

(a(t) - b(t+7)); = el - (Z I Me(7) 'lk> ey =Y (el ID) A7) (I ep) =Y A(7)- Ay (2.34)
k k k
where
Ap = (eq 1) - (I - en) (2.35)

are the time independent and process dependent amplitudes of the correlation function. The
decomposition of the transition kernel into m eigenvectors, leads to a decomposition of the
correlation function into m processes. Each process represents a single exponential decay function
with a relaxation time determined by A\ (7) = exp(—7/t)) and an amplitude of Ay = (el -I1)- (I -ep).

2.3.2. X-ray and Neutron Scattering Observables

Both the incoherent and coherent intermediate scattering function, F'(q,t), are time-autocorrelation
functions, which makes it possible to express them in terms of Eq. 2.32. The generalized observable
a(t) for coherent scattering is

at) = A(G,t) =Y by e T (2.36)

and for incoherent scattering:

a(t) == ala, §,t) = by - e *T7® (2.37)



Within the framework of the MSM the observable itself becomes independent of time and is
represented as a multicomponent vector a = (a, ..., ay,), where each component is the expectancy
value of the generalized observable for the particular Markov state ¢. This means that for coherent
scattering the components of the observable are

= (A 1)); = <Z ba - e‘th>> (239
i
and for incoherent scattering:
ai 1= {a(,G.1)); = (ba - PO (2.39)
7
The average is carried out for all time instances ¢ for which the system occupies Markov state 3.

By applying the decomposition into m processes and making use of the relation ¢t = —7/1n \;(7),
both the coherent and incoherent intermediate scattering function assume the form:

=DM AK@) = Y exp(— ) Aul(@) (2.40)
k k

For coherent scattering the amplitudes are determined by

2
Ak ,coh (D <Z ba coh * eil ¢ Ta(t)> - L; ik (241)
where L;j, is the left eigenvector component ¢ of eigenvector [j, corresponding to process k.
For incoherent scattering, the amplitudes are calculated according to
2
Apine(q) = Z <ba7coh _ e—z~q~ra(t)>i - Lk (2.42)
«

The following features of this representation are interesting:

e [F(q,t) is completely described by the sum of individual exponential decay functions with
individual relaxation times t

e The contribution of each atom to a particular process for incoherent scattering can be identified

e Since k = 1 corresponds to the equilibrium distribution, A; c,n and Ay ;. instantly provide
information about the elastic structure factor (ESF)

If the scattering particles in the experimental sample have no preferred orientation, the intermediate
scattering function has to be orientationally averaged: F(q,t) =< F(q,t) >4 The orientational
averaging can be carried out at the level of the individual scattering amplitudes:

2
Ak coh( < <Z ba ,coh * e—z G 7o (t)> ' sz > (243)
q

Apine(q) = < > (2.44)

«

Z <ba,coh . €_i’lifa(t)>. « L
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2.4. Supercomputing

Supercomputing is a very general term which can be applied to a variety of computational
problems and computational resources. For instance, the Jaguar Petaflop® machine and the
Folding@Home' network are both considered supercomputing platforms, even though their hardware
and network characteristics are very different. The specific hardware layout in turn strongly
determines the performance for scientific applications, because algorithms have to make distinct
choices for data access and inter-node communication patterns. While it is possible that a particular
scientific application may be able to choose from a set of algorithms to exploit different hardware
specifications, most applications are inherently limited to only a few algorithms which are biased
towards a specific hardware layout.

The tight coupling between the hardware specification of the supercomputer and the design
of the algorithm has implications on the preference of scientific applications towards a particular
supercomputing platform. The purpose of this section is to clarify some of the dependence of
scientific applications on hardware requirements. Two relevant scientific applications here are
molecular dynamics and simulation data analysis, which are distinctly different in their parallel
performance characteristics. While molecular dynamics usually needs to make heavy use of message
passing and only occasionally writes results to disk, simulation data analysis may only make
occasional use of message passing and depends heavily on the available IO and network performance
for reading the data into local memory and subsequent processing.

2.4.1. Software and Hardware Characteristics

The introduction and commercialization of personal computers had a profound impact on the
architecture of today’s supercomputers [52|. Early machines were filled with a massive amount
of individual processing units connected through a high performance bus, with all processing units
having access to a shared random access memory (RAM). However, with time it became much
more cost effective to create massively parallel computing platforms by acquiring a large quantity
personal computer hardware and connect them through a high performance network. This created
a paradigm shift for scientific application programming from a shared memory environment towards
a distributed memory environment, where each processing unit holds ownership of only part of the
total memory. One consequence of this paradigm shift is that data access patterns became the
defining criterium for application performance, because processing units need to request data from
other processing units through message passing [53].

Parallel programming in a distributed memory environment requires scientific applications to
express their algorithms as a set of tasks which may need to communicate data with each other.
This puts scientific applications in either of two categories: FEmbarrassingly parallel, where the
individual tasks do not have to communicate with the exception of initialization and finalization,
and delightfully parallel, were the tasks need to exchange data within the core algorithm either
synchronously or asynchronously. The strategy of task creation, i.e. the partitioning scheme, is a
defining criterium, both for the scalability and the type of parallelism involved. A finely grained
partitioning scheme usually results in an algorithm which is scalable to a large number of processing
units, but may introduce interdependency between the tasks and downgrades the algorithm to
delightfully parallel. For many scientific applications scalability can be distinguished by its strong
and weak performance. Strong scalability denotes the proportion by which the execution time of
an algorithm is reduced as a function of increasing number of processing units for a fixed problem

*NCCS: http://www.nccs.gov
TFolding@home: http://folding.stanford.edu
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Figure 2.1.: The generic hardware layout of modern supercomputers. A) High performance
supercomputer consist of a high performance network between equal compute nodes
for message passing and a lower performance network for data access, while B)
distributed supercomputer contain a variety of compute nodes with different hardware
characteristics with a low performance connection to a data server.

size, while weak scalability describes the variation in execution time as a function of the number of
processing units for a fixed problem size per unit.

Figure 2.1 shows the generic layout of two characteristic classes of modern supercomputers.
Fig. 2.1A is comparable to the Jaguar PetaFlop machine, which currently consists of 18,688 compute
nodes connected through a SeaStar type high performance network, where each node contains
two hex-core 2.6GHz AMD Opteron 2435 processors and 16GB of DDR2-800 RAM. Although the
permanent storage data access is usually carried out by a lower performance network, on Jaguar it is
managed by the high performance network as well’. Fig. 2.1B is comparable to the Folding@Home
supercomputing project platform¥, in which owner’s of personal computer voluntarily participate
in scientific computing projects. Participants are generally not able to communicate data between
each other, which restricts this type of computing platform to algorithms which are embarrassingly
parallelizable. An additional defining criteria of a scientific application is the amount of data which
has to be retrieved from the file server: even if the algorithm itself is embarrassingly parallel, the
low network performance may make the distributed supercomputer unpractical.

2.4.2. Scaling of Molecular Dynamics

The aim of molecular dynamics simulation is to compute the time evolution of a model structure
in order to explore the thermodynamically allowed configurations. The most simplistic approach
to this is to iterate the differential equation of motion and calculate the forces on each atom for

thttp:/ /www.theregister.co.uk/2010/04/19/cray _third gen linux/
Shttp://en.wikipedia.org/wiki/Portals_network programming api
Thttp://folding.stanford.edu/
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every time step. The implementation of this algorithm within a distributed memory environment
can be done in a variety of ways which have significant impact on the attainable performance and
scalability [54, 557 |. E.g. atomistic partitioning schemes assign atoms permanently to compute
nodes based on the initial structure, while domain decomposition assigns atoms temporarily to
compute nodes based on their momentary position in space. The use of domain decomposition
increases the inter-node communication by the number of trafficking atoms, but minimizes the
number of interactions which have to be computed between atoms on different nodes. This is
especially true for model systems in which atoms are allowed to diffuse in space, in which case an
atomic decomposition scheme leads to an overall increase in the number of interaction calculations
between compute nodes.

In many cases, the number of interactions, Ny, is significantly larger than the number of atoms,
N4, because each atom is subject to a variety of forces at the same time. Dependent on the type of
the force, Ny scales differently as a function of N4: the number of bonded interactions, Nt ponq, scale
with O(N4) while non-bonded, N7 ponpond, principally scale with O(Ni). The scaling for N7 nonbond
can be reduced to O(N4) by introducing distance dependent cutoffs.

Simulation protocols designed for good scalability usually exploit the physical features of the
simulated system and the forces. E.g. non-bonded interactions can be calculated less frequently than
bonded interactions (usually a factor 2), because they are less sensitive to the distance variations of
atoms than bonded interactions. Also, if the system consists of overall neutral molecules, the
electrostatic interactions can be computed using the Reaction Field approximation, instead of
Particle Mesh Ewald (PME) [56, 39].

Other strategies to increase the scalability of molecular dynamics simulations usually involve
minimizing the number of global synchronization points during the simulation, e.g. the frequency
for updating the neighbor atom exchange list, the frequency at which the atomic coordinates are
saved to disk, or the communication of energies (thermostat control).

2.4.3. Scaling of Simulation Data Analysis Algorithms

The analysis of molecular dynamics simulation data involves loading the atomic coordinates into
computer memory and subsequently applying an algorithm to derive the property of interest.
Dependent on the type of property, the simulation data can either be processed in small chunks
or has to be read wholly into computer memory. Because disk access is usually several orders of
magnitude slower than direct memory access or message passing, algorithms must avoid disk access
at any cost, especially for large trajectory files. However, since the data has to be read at least once,
the optimal solution for an algorithm is to request the data only once with the highest performance
achievable and then keep the data available in computer memory.
The calculation of a property from molecular dynamics simulation assumes the generic form

f(n,t,\i) = F (2.45)

where the macroscopic property F is computed from the set of microscopic properties f(n,t, \;),
which describes a function for atoms n at times ¢ with respect to a set of parameters \;. Trajectory
files in native format contain atomic coordinates, 7(n,t), as a series of snapshots of system
configurations, where each frame contains the coordinates for all atoms at a particular time. An
efficient algorithm needs to implement an optimal strategy to compute the macroscopic property
through microscopic properties from the atomic coordinates, i.e.

(n,t) — f(n,t, i) — F (2.46)
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Equation 2.46 makes two aspects apparent which are important for the performance on a parallel
computer with distributed memory:

data locality The operation which computes f(n,t,);) from 7(n,t) iterates over the set of
parameters \;. Whenever this set is large, the latency for retrieving 7(n,t) adds up and can
outweigh the time to compute f(n,t, A;). Putting data close to the processing unit can reduce
latency by several orders of magnitude. The latency itself is dependent on the location of the
data within the memory hierarchy in increasing order: processor cache, RAM, disk/network.

intermediate results The iteration over the set of parameters )\; generates a large amount of
intermediate data which has to be reduced to derive the macroscopic property. However,
intermediate data which belongs together may be scattered throughout the parallel computer
and need to be collected on one node.

Fulfilling data locality and eliminating intermediate data exchange, with the exception of a final
communication step, is possible but can be mutually exclusive for some algorithms and mainly
depends on the size of the total data. Good examples, which are also of relevance here, are
the incoherent and coherent dynamic neutron scattering functions. An algorithm for computing
incoherent scattering can easily fulfill both data locality and eliminate exchange of intermediate
results because the principal microscopic properties, f(n,t,\;), are specific to individual atoms and
require only a part of the total simulation data (see Equation 2.16):

f ot i) i= ful @ 7) = (an(q: 1) - ap (3, + 7)), (2.47)

Fi=F(q7)=Y {fn(@7))s (2.48)
n

Thus, putting the complete data for atom n on a single node allows to compute partial results,
fn(q@,7), which only need a final reduction step. Task parallelization is then achieved by assignment
for atom n and scattering vector length g. On the contrary, the coherent scattering function has
to trade between data locality and exchange of intermediate data. Splitting the computation into
its two steps, calculation of total scattering amplitudes, A(q,t) = >, an(q,t), and subsequent
autocorrelation F(q,7) = (A(q,t) - A*(¢,t+ 7)),, makes this apparent: The individual A(q,t)
require the atomic coordinates for all atoms at a particular time, while the autocorrelation requires
the series of A(q,t) for all times. The only way to avoid the exchange of A(q,t) between compute
nodes is to store a full copy of the simulation data on each node and compute all A(g,t) locally.
However, this approach prevents the time parameter from being used as a decomposition parameter
for parallelization, which has negative effects on scalability.
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3. Scattering and Simulation Studies

This work contains both published and unpublished results. The first section, “Cellulose”, contains
mainly unpublished data and is intented to illustrate the ability to perform extensive structural
and dynamical characterization of simulated biomolecules using experimental scattering techniques.
Section “Lignocellulose” and “Alanine Dipeptide” contain excerpts from manuscripts which are
currently being reviewed or prepared for publication, respectively. The work presented in the last
section, “High Performance Calculation of Scattering Profiles” has been successfully published and
is available in the Journal of Computer Physics Communications [19].

This work brings together applied scattering theory and molecular dynamics simulation to derive
comprehensive structural and dynamical fingerprints of cellulose fibers (Section 3.1, Cellulose), it
provides strategies to simulate and analyze highly heterogeneous molecular systems on a massive
scale (Section 3.2, Lignocellulose), it shows how advanced statistical tools like Markov Chain
Modeling can be used to decompose and interpret the dynamical scattering functions of molecules
(Section 3.3, Alanine Dipeptide), and it explains how the scattering functions can be calculated
at high performance by exploiting the architecture of modern supercomputers (Section 3.4, High
Performance Calculation of Scattering Profiles). The common aspects of these projects point
towards a general theme: The convergence between supercomputing, molecular dynamics simulation
and experimental scattering techniques.

3.1. Cellulose

Cellulose is a natural biopolymer and an integral part of the cell wall of plants. It is
synthesized within the plasma membrane by multi-protein complexes, called cellulose-synthesizing
complexes [57, 58]. The particular structural arrangement of the protein components within the
complex has a strong influence on the molecular structure and shape of cellulose. In terrestrial
plants the most common form of these complexes are rosettes, which consists of 36 individual
proteins organized in 6 domains, as illustrated in Figure 3.1. During synthesis, each protein
produces a single glucose chain by successively adding D-glucose molecules to the existing polymer,
which results in the creation of a microfibril containing 36 glucose chains. The resulting glucose
chain, shown in Figure 3.2, consists of repeating units of cellobiose, which is comprised of
two screw symmetrical glucose molecules. The tight packing of the individual chains induces
crystallization, with the most common forms being I-a and I-3. The crystal symmetry has been
determined experimentally using a combination of fiber-aligned X-ray and neutron scattering [59]
(a=7.784A~1 b=8.201A1,c=10.380A1 £ (a,b) = 96.5°,£(a,c) = £(b,c¢) = 90°). The structure of
a I3 crystalline fiber is provided in Figure 3.3.

Plants produce a significant amount of cellulose during their lifetime leading to a large natural
abundance and the largest source for sugar molecules on earth, making it an attractive feedstock for
the production of biofuels. However, since cellulose acts as a structural component in the anatomy of
plant cells [60], its evolution has caused it to be highly resilient to thermal degradation or enzymatic
digestion [62|. Additionally, cellulose tends to be incorporated into a network of noncovalently and
covalently bonded biomolecules, mainly comprised of hemicellulose and lignin [63], which protects
cellulose even further from enzymatic digestion. To increase the efficiency of hydrolytic enzymes,
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Figure 3.1.: The Cellulose Synthesis Complex is a particle embedded in the plasma membrane
of plant cells and facilitates the production of cellulose chains. Graphic taken from
Ref. [60]. Each subunit of the hexameric rosette structure is composed of 3 different
cellulose synthase (CESA) proteins which is indicated by different colors.
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Figure 3.2.: The molecular structure of a single cellulose chain (/3-1,4-glucan). The cellobiose
subunit contains two glucose molecules linked via a ($-1,4 bond, where the second
unit is rotated 180 degrees around the chain axis. Graphic taken from Ref. [58].
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Figure 3.3.: Molecular structure of I-5 crystalline cellulose. The unit cell vectors indicate the
extend of the crystallographic unit cell. The interaction between neighboring chains
are is non-covalent. Cellulose is organized in a sheet-like structure. The interaction
within a sheet is dominated by hydrogen bond, while the interaction between sheets is
governed by van der Waals forces. The graphic illustrates a consensus model described
in Ref. [61].
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this biomass is commonly pretreated using one of the major pretreatment technologies, e.g. dilute
acid pretreatment, steam explosion or ammonia fiber expansion [64]. While each pretreatment
technique has a distinct effect on the structural features of biomass, two aspects are considered the
determining factor of the remaining recalcitrance to enzymatic digestibility: Cellulose crystallinity
and the amount of remaining lignin [65].

3.1.1. Crystallinity of Cellulose

The crystallinity of cellulose within a biomass sample is commonly assessed in terms of a crystallinity
index CrI by measuring the wide angle X-ray scattering (WAXS) spectrum and estimating the
intensity of amorphous background, I, and the 200 Bragg peak, Isgo, at 1.6 A~!, which is also
known as the Segal method [66]:

Ta00 — Lam

Crl = —— 3.1
I>00 (3:1)

The finite size of the cellulose crystallites leads to errors in the estimation of the crystallinity
index because a significant amount of the scattering intensity falls in between the theoretical Bragg
peaks. Different methods have been explored previously to yield better estimates for the amount of
crystallinity, including Fourier-Transform Infrared Spectroscopy, Nuclear Magnetic Resonance and
Fourier-Transform Raman [67]. However, WAXS remains the most commonly used method, likely
because of its apparent simplicity and availability.

The reason for the existence of crystallinity within cellulose, i.e. the strong translational symmetry
of the D-glucose molecules, is attributed to the formation of a regular hydrogen bonding pattern
within chains and between neighboring chains. While the intra-chain hydrogen bonding contributes
to the persistence length of individual cellulose chains, i.e. their tendency to remain rigid, the
hydrogen bonds between chains prevent the cellulose fibril from disintegrating into individual chains.
The dominant hydrogen bonding patterns have been determined previously for the I-a and I-8
crystal symmetry with the help of neutron scattering [59, 68]. They revealed that inter-chain
hydrogen bonds within cellulose are organized into a sheet pattern, where cellulose chains strongly
hydrogen bond with neighboring chains along the cyclic plane of the glucose molecules, while the
interaction between the stacked sheets is mostly van der Waals. The combination of the intra-
and inter-chain hydrogen bonding network together with the high degree of polymerization is what
protects cellulose efficiently from thermal degradation.

The crystallinity of cellulose elementary fibrils can be investigated directly by computing the
scattering intensities for all possible scattering vectors ¢q. This has been done for crystalline cellulose
and the 2D directional X-ray scattering diagram perpendicular to the elementary fiber axis is shown
in Figure 3.4. Each Bragg peak is tightly connected to an existing symmetry within the cellulose
fiber. One of the three dominant peaks in the cellulose fiber is the 200 peak, which describes the
nearest distance between a sheet comprised of origin chains and one consisting of center chains. The
two other peaks, 110 and 1-10, originate from the nearest distance between planes comprised of an
alternating mix of origin and center chains.

Experimentally, directional scattering experiments on cellulose are challenging, because the fibers
need to be perfectly aligned to yield a diffraction diagram similar to Figure 3.4. However, most
of the time scattering analysis is performed on cellulose samples which contain fibers pointing in
random directions, which yields orientationally averaged scattering diagrams which can be reduced
to one dimension (WAXS). The WAXS of the I-5 cellulose model fiber is shown in Figure 3.5.
The WAXS pattern has been decomposed into the contributions from the major peaks (200,110,1-
10) by fitting with gaussians and the background has been estimated from the intensity minimum
between the 110 and 200 peak. The fitting parameters are provided in Table 3.1. Using the Segal
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Figure 3.4.: Directional X-ray scattering diagram for I-3 crystalline cellulose (left) and illustrations
of the scattering geometries (right).

WAXS diagram peak fitting parameters for crystalline cellulose:

peak location  width  height

1-10 0.96468 0.056318 7314.9
110 1.0978 0.095805 13037
200 1.5748 0.10558 25899

Table 3.1.: Fitting parameters for the WAXS diagram of a I-5 cellulose elementary microfibril.
The baseline has a value of 9593.4. A standard gaussian function was used for fitting
each peak.

equation 3.1, the estimated crystallinity index for a I-3 crystalline cellulose elementary fibril is 75%.
The underestimation of the crystallinity index due to the Segal method is caused by the finite size
of the cellulose crystal. In an infinite crystal, the scattering intensity between the 110 and 200 peak
would resolve to the individual peaks other than 110 and 200 which fall into the interval and the
width of the 110 and 200 would approach zero.
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Theoretical WAXS of cellulose elementary fibrils
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Figure 3.5.: WAXS diagram of the (perfectly) crystalline I-3 cellulose elementary fiber model. The
pattern is decomposed into the contributions of the 1-10,110 and 200 peak. Other
peaks are ignored for simplicity. The choice for the background level is consistent with
the experimental practice to estimate the amorphous contribution from the intensity
at the minimum between the 110 and 200 peak.
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Hydrogen bond statistic for cellulose models:
Model  # Hydrogen Bonds # Hydrogen Bonds/Glucose

n-0 20180 3.5
n-10 19790 3.4
n-20 19256 3.3
n-30 18441 3.2
n-40 18168 3.2
p-40 17627 3.1
p-30 16693 2.9
p-20 16276 2.8
p-10 15661 2.7

p-0 14939 2.6

np-inner 16209 2.8
np-outer 18132 3.1

Table 3.2.: Hydrogen bond statistic for the cellulose models featuring different crystallinities. Used
a distance cutoff of 3.2 A and an donor acceptor angle of larger than 110 degree.
Hydrogen bonds were counted using the VMD software. The number for hydrogen
bonds per glucose was rounded to 40.1.

3.1.2. Disorder in Cellulose

Even though cellulose is capable of forming regular hydrogen bonding patterns which stabilize the
crystalline form, a significant portion of biomass contains cellulose which is in a noncrystalline
state [66]. The amount of noncrystalline cellulose present in a cellulose sample is commonly
determined indirectly through the crystallinity index [67]. However, these measurements do not
provide information on how the crystallinity is distributed within a cellulose fiber and where
noncrystalline cellulose is located. In particular, it is not known how different forms of disorder
contribute to the measurement of the crystallinity index. This question is explored here with a help
of a set of artificial cellulose fiber models, shown in Figure 3.6.

The models contain different amounts of crystalline cellulose, with two models exhibiting disorder
along the cylindrical axis and the remaining ones as segments embedded in the fiber. The number
of internal hydrogen bonds for the different cellulose models are listed in Table 3.2, which shows
that with increasing amount of noncrystalline cellulose, the average number of hydrogen bond per
glucose molecule decreases. This is consistent with the experimental observation that noncrystalline
is more readily hydrolyzable [69].

The WAXS diagram for selected cellulose fiber models are shown in Figure 3.7, which reveals two
striking features: Noncrystalline cellulose also produces identifiable peaks in the WAXS diagram,
albeit shifted to smaller ¢ values, and WAXS diagrams for different models makes can be very similar.
For example, model n-20 and np-outer show nearly an identical WAXS profile, even though their
models are qualitatively different. On the other hand, the composite WAXS pattern of crystalline
and noncrystalline cellulose can not perfectly reconstitute patterns calculated for the mixed phase
models. This is illustrated in Figure 3.8, which compares the WAXS patterns of the n-40 mixed
phase model to a superposition of 40% crystalline (n-0) and 60% noncrystalline (p-0) cellulose. The
intensities are slightly off, which can be attributed to the fact that n-40 features structural regions
between the crystalline and noncrystalline phase, which are only partially disordered.

The crystallinity of each model in Figure 3.7 was analyzed using the Segal method. Due to the
peak shifts for the noncrystalline models the method was reinterpreted in the spirit of the original
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Models of Cellulose Elementary Fibrils

Inner Core Outer Core

Figure 3.6.: A structural library of I-3 cellulose models, with varying degree of crystallinity.
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Theoretical WAXS of cellulose elementary fibrils n-0
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Figure 3.7.: WAXS diagrams for chosen candidates of the cellulose fiber structures library. The
scattering intensities were offset by a multiple of 15000 dependent on the model for
the sake of better visualization.
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Figure 3.8.: WAXS pattern comparison between two models for mixed cellulose crystallinities. The
difference in the scattering intensity between ¢ = 0.5 A=Y and g = 1.6 A1 illustrates
that the particular manifestation of crystallinity within cellulose has a strong influence
on scattering profile.
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Crystallinity indexes for selected cellulose fiber models:
Model 200 Peak Height 200 Peak Background Minimum Crystallinity

n-0 34700 1.6 8600 1.35 0.75
n-20 28500 1.6 12400 1.25 0.56
p-20 23300 14 18400 1.25 0.21

p-0 30700 1.35 17400 1.0 0.43

np-inner 28900 14 14000 1.05 0.51
np-outer 28300 1.55 15600 1.35 0.45

Table 3.3.: Crystallinity indexes and fitting parameters for the different cellulose models. The
values were rounded to £100, +0.05, £0.01, +100, +0.05 and +0.01, respective to
listed column.

method by identifying the highest peak and the minimal intensity between the peaks originating
from the 110 and 200 peak. This leads to fitting parameters and crystallinity indexes listed in
Table 3.3. The Segal method leads to the counter intuitive result that the crystallinity index for p-
20 is lowest, instead of p-0, even though p-20 still has a portion of crystalline cellulose incorporated
into the elementary fibril. With the exception of p-20, the range of crystallinity indexes is between
43% for noncrystalline and 75% for crystalline cellulose. Thus even an experimental sample with
purely noncrystalline cellulose may yield a significant crystallinity index.

The particular features of the WAXS diagrams in Figure 3.7 can be understood by investigating
the corresponding directional scattering diagrams perpendicular to the cellulose fiber axis and are
shown in Figure 3.9. The rigorous peak assignment is possible by inspecting model n-0. The peak
assignment for the np-inner and np-outer model can be inferred from the n-0 model. Also apparent
from Figure 3.9 is the loss of distinct Bragg peaks for the p-0 model, which is symptomatic for
noncrystalline structures.
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Figure 3.9.: Directional (2D) scattering diagrams for selected cellulose fiber models.
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Intermediate Scattering Function
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Figure 3.10.: Intermediate scattering function for crystalline and noncrystalline cellulose at
different values for the scattering length density. Scattering analysis was performed
using incoherent neutron scattering lengths for the atomic scattering amplitudes.

3.1.3. Cellulose Dynamics

The analysis of molecular dynamics simulation using scattering theory does not only provide
information about structural symmetries, but also about spatio-temporal correlations within
molecules. This is particularly interesting for cellulose, because its crystallinity is expected to
influence its intra-molecular diffusional and vibrational characteristics.

Here, two dynamic scattering techniques are applied to the question how cellulose crystallinity
affects the scattering signal: Incoherent inelastic neutron scattering (INS) and inelastic X-ray
scattering (IXS) (which is coherent). INS probes the self diffusion of individual atoms and is a
direct measure for the phase-space volume explored by the atoms, and is defined in Equation 2.16.
IXS on the other hand is defined as the autocorrelation of the total scattering signal and thus probes
fluctuations in the scattering density of the molecule and is formally described by equation 2.15.

3.1.3.1. Incoherent Inelastic Neutron Scattering

Two cellulose models were simulated: n-0, which is fully crystalline, and p-0, which is noncrystalline
(simulation details are provided in the supporting information). Figure 3.10 shows the intermediate
scattering function (derived using neutron scattering density lengths) for long time scales up to
10 ns which probe slow relaxations and is based on a trajectory with a total of 25 ns and 5 ps
sampling time. It shows that the dynamics is qualitatively independent of ¢ and that values above
1.0 A~ are needed to achieve a significant decay of the intermediate scattering function (60% decay
at ¢ =1.5 A1 ). This indicates that the phase-space volume explored by cellulose is small compared
to the size of the molecule, which is a signature of a rigid molecule.

The INS between crystalline and noncrystalline has been directly compared in Figure 3.11 for
¢ =1.5 A=1. The differences have been grouped into three different time regimes: ps, sub ns, and ns.
In the ps regime, both crystalline and noncrystalline cellulose exhibit a decay in the intermediate
scattering function. However, the relative difference in the absolute value doesn’t vary much as a
function of correlation time. This means that the crystalline and noncrystalline cellulose exhibit the
same relaxation processes in the ps regime, and the initial difference can be attributed to additional
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Intermediate Scattering Function, q=1.5/1°&
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Figure 3.11.: Intermediate scattering function for crystalline and noncrystalline cellulose at
¢=1.5 A=1 and their subdivision into several characteristic time regimes.

relaxation for noncrystalline on the sub ps time scale. On the sub ns time scale, both models exhibit
a reconstitution of the intermediate scattering function (increase), which is typical for well defined
oscillations. However, the oscillation peak for crystalline and noncrystalline cellulose are located at
different times: 300 ps and 600 ps, respectively. This indicates that crystalline cellulose is stiffer
and the corresponding oscillation is associated with a higher force constant and frequency than
noncrystalline cellulose.

Crystalline and noncrystalline cellulose also differ in their longtime (sub ns, ns) relaxation: While
the INS for crystalline cellulose flattens out above 100 ps, noncrystalline cellulose keeps decaying
well above the 5 ns mark. This indicates that noncyrstalline cellulose features an additional diffusion
process, allowing its atoms to achieve larger displacements over time.

The origin of the oscillation in the sub ns time regime was investigated by computing the local
intermediate scattering function for different segments along the fiber axis. From visual inspection
the fiber is observed to exhibit a strong normal mode perpendicular to the fiber axis, forming a
standing wave with two knots near the end of the fiber. Figure 3.12 illustrates how this mode
dominates the sub ns time regime by causing strong local differences between the intermediate
scattering function at the different locations along the fiber axis. Those segments which are located
at the knots of the standing wave have a reduced relaxation and do not show the characteristic
oscillation peak, while segments located in the middle and at the end of the fiber clearly show the
oscillation in the intermediate scattering function.

The ability to detect dynamical differences between surface and core cellulose chains with the
help of the intermediate scattering function was also investigated and is shown in Figure 3.13, for
both crystalline and noncrystalline cellulose. As expected the core chains exhibit less decay than the
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Figure 3.12.: Spatially decomposed intermediate scattering function of crystalline and noncrys-
talline cellulose for ¢ = 1.5 A='. The functions are grouped into three categories
based on their spacing. The mapping onto the position on the fiber axis reveals that
the decay of the scattering function corresponds to a standing wave along the fiber
axis, with two knots, i.e. locations with minimal amplitude.

surface chains throughout the whole time scale. However, a significant part of the difference already
exists at a correlation time of 5 ps and increases slightly for larger time scales. This indicates that
the relaxation processes which distinguish surface from core cellulose chains are rooted in the sub ps
time scale. Interestingly, crystalline and noncrystalline cellulose exhibit the same trend for their
surface and core chains, which indicates that the processes which inhibit the relaxation within the
core of the cellulose are the same for crystalline and noncrystalline cellulose.

The fast time scale dynamics for relaxation times up to 10 ps is shown in Figure 3.14 and is
based on a trajectory with a total of 100 ps and a 1 fs sampling time. As in Fig. 3.13, the data
is decomposed into contributions from cellulose chains at the fiber surface and the core region.
The data reveals that any differences arise only above a relaxation time of 0.2 ps and the slopes
become similar again for times above 2 ps. Also two distinct differences arise at about the same
time scale: crystalline core cellulose chains start to deviate at about 200 fs (less relaxation) which
indicates the loss or a modification of a relaxation process with respect to surface chains and any
chain within noncrystalline cellulose. Another fork happens at about 300 fs when the core chains
of noncrystalline and the surface chains of crystalline cellulose experience a loss of decay (change in
slope). This means that the origin of the dynamical difference between surface and core cellulose
chains is associated with an additional relaxation process for surface chains in the 0.2-2 ps time
regime.

The origin of the split between core and surface chains for the crystalline fiber only was further
clarified by investigating the fast time scale for different locations along the fiber axis, similar to
Figure 3.12. The variation along the fiber axis leads to differences in the decay of the intermediate
scattering function even below the 100 fs time regime, which is shown in Figure 3.15. However,
significant differences between core and surface cellulose chains only arise at time scales above
100 fs (Fig. 3.16) and coincides with the fork between core and surface chains observed earlier
(Fig. 3.15). This leads to the conclusion that the whole body motions experience by the cellulose
fiber significantly affects the relaxation of the intermediate scattering function on all time scales, and
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Figure 3.13.: Axially decomposed intermediate scattering function of cellulose into surface and
core cellulose chains for crystalline (n-0) and noncrystalline (p-0) cellulose at ¢ =

1.5 AL,
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Figure 3.14.: Fast time scale intermediate scattering function for cellulose, decomposed into
contributions from surface and core chains.

that the dynamical difference between surface and core cellulose chains is due to larger displacements
of surface chains by global motions.

3.1.3.2. Inelastic X-ray Scattering

IXS is a scattering technique which resolves X-ray photon energies after the scattering event and
allows the vibrational density of states of the sample to be deduced. In crystals the g vector
dependence of the transferred energy of the X-ray photons are quantized solutions to the vibrational
spectrum of the lattice and follow an anisotropic dispersion relation. The IXS signal S(g, E') can be
calculated as the Fourier transform of the coherent intermediate scattering function and a subsequent
renormalization with the energy-frequency relationship E = hv, where h is Plank’s constant. The
characteristic function is:

S(qvv) =FT {<<F(Q7t)7)>t>9} (32)

IXS experiments on aligned cellulose fiber samples were used to deduce the velocity of sound along
the fiber axis [70]. However, the experimental IXS data are very noisy and preclude the identification
of different phonon branches. Here the corresponding IXS signals have been calculated for crystalline
and noncrystalline cellulose for three relevant directions and are shown in Figure 3.17. The IXS
data along the fiber axis clearly shows the imprints of acoustic phonons around the 002 and 004
peaks. Also visible for the crystalline cellulose is an acoustic branch in the direction perpendicular
the fiber axis centered around the 010 peak, albeit much weaker. The remaining spectra do not
reveal any significant phonon branches. The weak and noisy dispersion along the 010 and 100
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Figure 3.15.: Surface/core and spatially decomposed intermediate scattering function of crystalline
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Figure 3.16.: Difference spectrum for surface/core and spatially decomposed intermediate
scattering function of crystalline cellulose.
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directions for crystalline cellulose may be attributed to the relatively small diameter of the cellulose
fiber: the surface chains do not see an homogeneous lattice and thus experience a multitude of
effective force constants which give rise to a broad spectrum of vibrational frequencies. The same
argument explains the absence of any characteristic phonon branches in the 010 and 100 spectra for
noncrystalline cellulose: the additional disorder perpendicular to the fiber axis gives rise to a broader
spectrum of effective force constants. Also in the noncrystalline fiber the distinction between the
010 and 100 direction vanishes, which causes their corresponding IXS spectra to become similar.
The phonon dispersion along the 001 direction for crystalline and noncrystalline cellulose reveal an
interesting difference: The additional phonon branch located at the midpoint between 002 and 004
in crystalline cellulose is absent in noncrystalline cellulose. Also the spectra for crystalline cellulose
feature a fine structure at the peak 002 and 004 positions which is absent in noncrystalline cellulose.
The identified phonon branches in cellulose can be used to infer the sound velocities and the
elastic modulus along the given crystalline directions. The sound velocities can be deduced by using
the dispersion relation for acoustic phonons [70]:
. ™ q
sin <2 Qmaz> ‘ (3.3)

As illustrated in Figure 3.18, for the 001 direction the vy, can be fairly well approximated by fitting
the branch with a line and using the relation vy = ffTEq. For the 010 direction, however, the branch

2h
E(Q) = ?ULQmax

is less pronounced, which is why ¢maer and E(¢maz) = %qumw are approximated independently
with individual error assignments.

The crystalline and noncrystalline models both yield a v, = 9240+ 707, which translates into an
elasticity modulus of 14942 G Pa using the relationship G = p-v% and p = 1.6760”%3 which compares
with the experimentally reported values of vy czp = 11450 £ 1290 and G = 220 £ 50 GPa [70].
Additionally, the crystalline model features a less pronounced phonon branch in the low energy
region at the midpoint between the 002 and 004 peak, which is estimated here to v = 3390 £4207;
and G = 19 £ 3GPa. The branch along the 010 direction for crystalline cellulose is estimated
to vy = 2900 £ 500" and G = 14 + 3G Pa, which has been reported experimentally to lie at
v = 2973 £85% and G = 14.8 £ 0.8 GPa.
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Figure 3.17.: IXS spectrum of crystalline and noncrystalline cellulose. All the significant Bragg
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crystal planes. The three chosen directions correspond to the directions of the unit
cell vectors. The presence of strong interactions leads to phonon-like dispersion
relations, which indicate the existence of under-damped lattice vibrations within the
cellulose fiber.
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3.2. Lignocellulose

The previous section provided extensive information on cellulose which is the main component of
plant cells and the target substrate for biomass to biofuel conversion. However, in most terrestrial
plants, cellulose is incorporated into a network of other biopolymers, which mainly comprise
hemicellulose and lignin [58, 71]. To achieve efficient conversion of biomass towards simple sugars
and the subsequent conversion into ethanol, the composite of cellulose, hemicellulose and lignin
has to be modified to provide cellolytic enzymes increased accessibility to cellulose [62]. Different
pretreatment strategies have been explored so far, each having a distinct effect on the molecular
structure and arrangement of the various components [72|. For example, dilute acid pretreatment
leads to the breakdown of the hemicellulose, a reduction of lignin content and enforces a redeposition
of the fragments, while ammonia fiber expansion only leads to redeposition. Dilute acid pretreatment
leads to an observed increase in cellulose crystallinity, while ammonia fiber expansion leads to a
decrease [64].

Recalcitrance is strongly influenced by the physicochemical properties of lignocellulosic biomass |73].
However, the complexity of biomass has so far precluded detailed experimental characterization of
the interaction of lignin with itself and cellulose at the molecular scale, and, in particular, the effect
of cellulose crystallinity on lignin reprecipitation is not known.

Atomic-detail information on molecular processes in model biomass systems can be provided
by MD simulation. Previous MD work have studied the structure and dynamics of cellulosic
oligomers, whole cellulose fibrils [74, 75, 76, 77|, and lignin [78]. Early MD studies of cellulose-lignin
association examined the binding of 10- and 20-unit guiacyl oligomers to cellulose |79, 80|, and these
studies found that the adsorption of lignin onto different surfaces of a crystalline cellulose model
yielded similar interaction energies. However, to study the aggregation processes of a statistically
significant number of lignin molecules with a cellulose fiber the required time and length scales are
considerable and have only recently been rendered attainable for all-atom MD simulation, facilitated
by the establishment of peta-scale supercomputing facilities and the formulation of specialized
parallelization strategies [56].

3.2.1. Modeling of Lignocellulose

Due to the heterogenous nature of lignin the construction of a realistic model for lignin
reprecipitation onto cellulose requires a large set of individual lignin molecules. Lignin clusters found
experimentally range in size from 5 nm up to 10 pm [81, 82|, imposing a limit on the minimum
size of the simulation box. Also, the degree of polymerization for cellulose is typically very large,
ranging from 100 to 10000 [83]. The size of the system determines the time scale simulated, since
lignin molecules must be able to translate within the simulation box, and the distance they travel
is inherently diffusion limited. For a spherical particle with a radius of 2 nm, the self diffusion
constant provided by the Stokes-Einstein equation is on the order of 107%¢m?2s~!, which results
in an estimated translational diffusion of 17 nm in 500 ns. This determines the approximate
minimum simulation time scale required to study lignin precipitation since lignin molecules must
undergo multiple binding events with cellulose and other lignin molecules. Each lignin molecule
modeled consists of 61 monomers, corresponding to a molecular weight of 13 kDa, i.e., within the
experimentally determined range [84]. The monomer chemical composition and linkage were also
obtained from experiment [85]. The cellulose fiber model consists of 36 chains with a chain length
of 160 monomers and is depicted in Figure 3.19A. The atomic starting coordinates for the cellulose
are based on the I-5 crystal phase, derived from crystallographic studies [59], and the consensus
model for the fiber [61]. The noncrystalline cellulose model was generated by simulating crystalline
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cellulose at a high temperature (650 K) for 1 ns, which is well above the melting point for the
internal hydrogen bonding network. The crystallinity of the cellulose was assessed by computing
the 1D and 2D Bragg scattering diagrams [19] and is shown in Figs. 3.19B and 3.19C. The fully
crystalline model exhibits strong Bragg peaks typical for [-3, which are absent in the noncrystalline
model.

Three models were simulated, each consisting of a cellulose fibril surrounded by 52 softwood
lignin molecules in explicit water. The differences between the models lie in the initial random
lignin placement and the crystallinity of the cellulose fiber and are visualized in Figure 3.20. The
following nomenclature is used:

Model NC places the lignin molecules initially “near”, i.e. 2-10 A, from a crystalline fiber
Model FC places the lignin molecules initially “far”, i.e. 4-20 A, from a crystalline fiber

Model FN places the lignin molecules initially “far”, i.e. 4-20 A, from a noncrystalline fiber

3.2.2. Preferential Association of Lignin with Crystalline Cellulose

All lignocellulose simulation models showed the same overall behavior involving lignin molecules
aggregating with each other and binding to the cellulose fiber. The precipitation of lignin onto
cellulose and lignin self aggregation can be quantified by the time-evolution of the total number
of atomic contacts, N, for each of the 3 simulation models. N exhibited strong linear correlation
with the buried surface area (data not shown, but provided in the corresponding manuscript), and
therefore these quantities can be interchanged without affecting the conclusions.

3.2.2.1. Cellulose-Lignin Aggregation

In all simulations the number of cellulose-lignin contacts, N(CL) rises sharply over the first 100 ns
before converging by the end of the simulations (Fig. 3.21A), with a variation of less than 20% in
the second half of the simulation. N(CL) is clearly different for each model throughout the whole
simulation time. For the NC model the near placement of the lignin molecules leads to a larger
N(CL) at all times of the simulation than in the “far” models, in which the lignin molecules were
initially placed further away from the fiber. Interestingly, a significantly higher number of cellulose-
lignin contacts is seen for FC than FN, even though the lignin molecules were initially placed in a
similar manner around the fiber. Thus, Fig. 3.21A indicates that two factors affect the proportion of
lignin reprecipitation onto cellulose: the average initial distance from the cellulose and the cellulose
crystallinity. To obtain a thermodynamic understanding of the differences in lignin reprecipitation
onto crystalline and noncrystalline cellulose, the cellulose-lignin and lignin-lignin interaction energy
densities, €, were calculated. € is derived by dividing the interaction energy, E, by B, the buried
surface area between cellulose-lignin or lignin-lignin. B and E exhibit strong linear correlation
(data not shown). No significant dependence of the cellulose-lignin interaction energy on cellulose
crystallinity is found (Table 3.4). This is consistent with earlier findings suggesting that the lignin
monomer binding interaction energy is independent of the molecular structure of cellulose [80, 79].
As a next step, solvation was investigated as a possible origin of the difference between the FC and
FN models. To characterize the solute-water interactions, separate simulations were performed in
explicit water of individual lignin molecules and of a crystalline and a noncrystalline cellulose fiber.
The solute-water interaction energy was then calculated as the interaction energy per unit solvent
accessible surface area e = E/S.
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Figure 3.19.: A) Cross-sections of the I crystalline cellulose model. Left: perpendicular to the

fiber axis, indicating the crystal surfaces in contact with the solvent. Right: along
the fiber axis, indicating the fiber thickness and length. B) Top and Middle: 2D
directional X-ray scattering patterns for the crystalline and noncrystalline cellulose
models (based on the average of 1000 snapshots from a 20 ns MD simulation).
Bottom: experimental X-ray scattering diagram from Ref. [70]. The Bragg peaks
are a characteristic feature of the translational symmetry in crystalline cellulose
perpendicular to the fiber axis, and are absent for noncrystalline cellulose. C)
1D spherically-averaged X-ray scattering profile for crystalline and noncrystalline
cellulose simulations. The noncrystalline cellulose has residual peaks shifted away
from the characteristic scattering peaks for crystalline cellulose. As a comparison
the experimental WAXS is also shown for Avicel type cellulose from Ref. [86]. The
calculated WAXS signal features peaks which are systematically shifted to lower ¢
values when compared to the experimental one.
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Figure 3.20.: A) Schematic of the initial configuration of the simulations. For each model 52 lignin
molecules were placed around the central fiber at distances randomly chosen within
the interval of 0.2 to 1.0 nm and 0.4 to 2.0 nm for the NC model and the FC and FN
models, respectively. The directional X-ray scattering diagram along the fiber axis
is shown for both the crystalline and noncrystalline cellulose, with the crystalline
cellulose exhibiting strong Bragg peaks which are absent in the noncrystalline model.
B) Visual representation of the initial and the final configurations of the systems.
Lignin molecules belonging to the same cluster at the end of the simulation are
colored identically. The lignin molecules participating in any given cluster tend to
be in local proximity at the beginning of the simulation.
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Figure 3.21.: A) Total number of cellulose-lignin atomic contacts, N(CL). B) Total number of

Table 3.4.:

Table 3.5.:

lignin-lignin atomic contacts, N(LL). For both graphs the inset shows the first 10 ns
of each simulation.

Lignocellulose interfacial interaction constants:

Interface Model Interaction Energy Densities
€ €Coul €LJ

Cellulose/Lignin ~ NC —47.65 —20.43  —27.22
FC —51.80 —22.67 —29.13

FN —50.33 —24.10 —26.24

Lignin/Lignin NC —52.66 —22.19  —30.47
FC —52.95 —22.24  —30.72

FN —52.02 —-21.54 —30.48

Lignocellulose interfacial interaction constants, €, decomposed into coulombic, €cour,
and van der Waals contribution, e ;. Energies are kJ/mol/nm?. The assumed error
is £2.0 and £0.67 for Cellulose/Lignin and Lignin/Lignin, which is derived from the
difference of the values between the two simulations of the NC model (second NC
simulation: €(CL) = —50.46 kJ/mol/nm? and e(LL) = —51.71kJ/mol/nm?). The
true error of €147 depends on the variations in the possible aggregation pathways for
each model.

Solvent:biomass interaction constants:

Solute Solvent Interaction Energy Densities
€ €Coul €LJ
Lignin —741+95 —-63.0£85 —-11.2+1.1
Crystalline Cellulose -94.0£17 —-83.0£18 —-10.0%£0.2

Noncrystalline Cellulose —107.3 +£0.7 —-102.0+0.7 —-5.0+£0.2

Solvent:biomass interaction constants, €, decomposed into coulombic, €cyy, and van
der Waals contribution, €7 ;. Energies are kJ/mol/nm?. Water-solute constants are
based on the simulation of isolated molecules. The standard deviation for water-lignin
reflects the spread across all of the 52 lignin molecules.
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Table 3.5 shows that the enthalpic interaction per unit area between cellulose and water is
significantly larger for the noncrystalline than for the crystalline form. The difference in interaction
energy density was traced back to differences in the capacity of the cellulose to hydrogen bond
with water, which increases from 3.2 & 0.1/nm? for crystalline to 3.7 + 0.1/nm? for noncrystalline
cellulose. It was also found that, although the average number of hydrogen bonds made by cellulose
(internal-+solvent) per glucose molecule is very similar for the two models, with about 3.4 £ 0.1
for crystalline and 3.6 + 0.1 for noncrystalline cellulose, the ratio of internal to solvent is markedly
different, being 68% to 32% for the crystalline form compared to 47% to 53% for noncrystalline
cellulose. The increased interaction energy between noncrystalline cellulose and water suggests that
noncrystalline cellulose is effectively more hydrophilic than the crystalline form, and explains why
the FN model exhibits less lignin precipitation on to cellulose than the FC model (Figure 3.21A).
The lignin-water interaction energy densities are broadly distributed, ranging between —58 and
—95k.J/mol/nm?, and also were found to exhibit a strong correlation with the number of lignin-
water hydrogen bonds but only a weak correlation with the total hydrophobic fraction of the surface
area (Fig. 3.22). An example of two lignin molecules with the same solvent accessible surface area
and chemical topology but a very different number of hydrogen bonds with water and thus lignin-
water interaction energy density is also given in Fig. 3.22. In contrast to cellulose, the internal
and solvent hydrogen bonds of lignin do not systematically compensate, and thus lignin molecules
exhibit a varying degree of unsatisfied hydrogen bonding groups.

3.2.2.2. Lignin Aggregation

During the initial phase of lignin self aggregation in the simulations, lignin molecules bind to
macromolecules in their local vicinity. As is apparent from Figure 3.21B, during the first 50 ns
all models show a similar amount of lignin-lignin aggregation, which is a direct consequence of
the models having similar initial distances between the lignin molecules. However, after 50 ns
the FN model diverges from NC and FC, exhibiting a higher degree of lignin self aggregation.
Hence, noncrystalline cellulose also promotes lignin self aggregation. To further quantify the self
aggregation effect, the lignin aggregation process was decomposed into a discrete state model, in
which each state represents a distinct arrangement of molecular contacts. Molecular contacts are
defined here as two molecules having at least one atomic contact, and the state of a lignin molecule
is then defined by the number of molecular contacts formed. The states were labeled L for isolated
lignin, LX for a lignin molecule in contact with X-1 other lignin molecules and a leading C, if the
lignin forms an additional contact with cellulose. The model and the time-dependent population for
all states are provided in Fig. 3.23. At 50 ns, FN shows a striking increase in the L3 and L4 states,
indicating the formation of larger lignin clusters without cellulose contact, which coincides with a
strongly reduced population of the CL2 state, which corresponds to two lignin molecules bound to
each other and to cellulose. Hence, the reduced affinity of noncrystalline cellulose for lignin during
the initial 50 ns leads to a long-term increase in the lignin self aggregation.

3.2.2.3. Metastability and Stickiness

Since NC and FC were simulated with the same structural models for cellulose and lignin, the
quantitative difference in N(CL) between NC and FC provided in Fig. 3.21A indicates that the
simulations have reached different metastable states. Omne reason for this metastability is the
“stickiness” of lignin for both cellulose and lignin, i.e. the persistent binding of lignin to cellulose or
another lignin molecule. We define the stickiness, S(t), as the conditional probability of finding a
lignin molecule bound to another molecule at time ¢, given that the two molecules formed a contact
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A) The total SASA in relation to the fraction of hydrophobic for each lignin molecule.
The linear regression yields a correlation coefficient of R? = 0.714. This suggests that
the fraction of hydrophobic atoms at the surface is size dependent. B) The lignin-
water hydrogen bond density, which is the number of hydrogen bonds divided by the
SASA, in relation to the interaction energy density for each lignin molecule. The
strong correlation with a coefficient of R? = 0.9872 suggests that the interaction
energy density is governed by the hydrogen bonding capacity. C) The molecular
configuration for two lignin molecules with very different interaction energy densities.
Both lignin molecules have approximately the same SASA. However, ID 34 has a
significantly larger hydrogen bonding capacity with water.
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Figure 3.23.: Time dependence of the populations of the molecular lignin coordination number,
shown for each model and state.
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Figure 3.24.: A) Time dependence of the stickiness for lignin-lignin and B) cellulose-lignin
molecular contacts. The cellulose-lignin stickiness shown only contains lignin
molecules which enter the CL state first, i.e. bind to cellulose before to any other
lignin, which emphasizes the intrinsic binding propensity of lignin with cellulose.

at time < t:
SLL(t) = <P(N(L2‘Lj,t) >0 ’ N(LiLj,t()) > O,to < t) >ij (3.4)

Sor(t) = (P(N(CLi,t) > 0| N(CLi,to) > 0,tg < 1) ), (3.5)

Cellulose-lignin and lignin-lignin stickiness, Scr(t) and Spr(t) respectively, are shown in
Figure 3.24. Sp1(t) converges to 0.7040.05 for all models within the first 200 ns, which means that
on average each lignin molecule retains 70% of the molecular contacts it initiates with other lignins.
The association of a given lignin molecule with cellulose is influenced by the intrinsic propensity of
the two molecules to bind in aqueous solution and also by extrinsic factors, such as the presence
of other lignins that may block access to the cellulose. To probe the intrinsic factors contributing
to stickiness of lignin on cellulose, Sc(t) was computed for the subset of lignin molecules which
enter the CL state first, i.e. bind first to cellulose before binding to other lignins, which makes the
derived Scp(t) less sensitive to competing binding of lignin to cellulose. As shown in Fig. 3.24A,
Scr(t) converges to 0.80 + 0.01, 0.75 £ 0.05, and 0.67 £ 0.01 for NC, FC, and FN, respectively.
The difference in Scr(t) between the crystalline and noncrystalline cellulose models is consistent
with the overall reduced lignin:noncrystalline cellulose association. Furthermore, the large values of
Scr(t) are quantitatively indicative of the high degree of lignin stickiness for cellulose and explains
why the initial conditions in the simulation have a significant effect on the morphology of the final
metastable states.

3.2.2.4. Morphology

The impact of lignin stickiness and cellulose crystallinity on morphological features of the cellulose-
lignin complexes is apparent in the molecular configurations visualized in Figure 3.20B, which
contains 2D projections of the models at the start and end of each simulation®. The morphology
of the cellulose-lignin aggregation was investigated by grouping individual lignin molecules either
directly or indirectly connected through other lignin molecules into lignin clusters, and then

*Additional visualizations online: http:\\cmb.ornl.gov\material\lignocellulose-reprecipitation.
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Figure 3.25.: A) Probability distributions of atomic contacts between cellulose and lignin based
on cluster morphology, averaged over 50k frames (250 ns to 500 ns, minor structural
rearrangements with a variation in total atomic contacts of less than 20%). B)
Bubble Diagram of the Probability (Size of Bubbles) of lignin clusters of a given
size (x axis) and their cellulose association (y axis), quantified by the fraction of
lignin molecules in contact with cellulose. Cluster sizes of 1 mark lignin molecules
in the L or CL state. FN has large clusters with low association, while NC results
in medium sized clusters with high cellulose association. For visualization, the data
for NC was shifted by 0.25 on the x axis to the lower values and FC was shifted
0.25 to higher values. C) Probability distributions of atomic contacts between lignin
molecules with surrounding lignin, averaged over 50k frames (250 ns to 500 ns).
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quantifying the degree of association of individual lignin clusters with cellulose. Figure 3.25A shows
the probability of a random lignin molecule participating in a cluster forming N(CL) contacts
with cellulose. Due to lignin stickiness, the NC model, in which the lignin molecules are placed
closer to the cellulose, contains lignin clusters which are highly associated with cellulose. The FC
and FN models exhibit similar binding characteristics for clusters with N(CL) < 300. However,
the maximum number of contacts for FN (280) is less than the maximum for FC (400). Similar
information can be retrieved from Figure 3.25B, which shows the probability of a lignin cluster
plotted against the cluster size and the degree of association with cellulose (the number of molecular
lignin-cellulose contacts), and reveals, for example, that the FN model contains a large lignin cluster
(17 molecules) with hardly any cellulose association (<10%). Differences in the morphology of lignin
self aggregation can be seen from Figure 3.25C, which shows the number of atomic contacts made
by each individual lignin molecule with its surrounding lignin molecules. While this number is very
similar for NC and FC, for FN it is depleted in the range between 100 and 200 atomic contacts and
significantly higher above 200, again consistent with the observation that the FIN model exhibits
larger lignin clusters with an increased number of molecular lignin-lignin contacts.

3.2.3. Modeling of a 24 Million Atom System

The investigation of the effect of cellulose crystallinity onto cellulose-lignin aggregation represents
the first step in a series of investigations to probe and understand the complexity of biomass on
the molecular level using simulation techniques. At the time of writing subsequent simulations have
been performed, which will provide information on the effective interaction of the cellolytic enzymes
Cel7A with crystalline and noncrystalline cellulose in a lignin environment. Here the converged
lignocellulose structures act as building blocks for a cellulase-cellulose-lignin model, which comprises
24 million atoms in total using explicit water. Figure 3.26 provides a rendering of the 24 million atom
system, using different color for cellulase, cellulose and lignin molecules. The model is comprised of
9 cellulose fibers, 9x52 lignin molecules and 54 Cel7A proteins.
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Figure 3.26.: Rendering of the 3x3 lignocellulose model derived from the 3 individual lignocellulose
simulations, combined with the cellolytic enzyme Cel7A. The solvated system
contains up to 24 million atoms.
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3.3. Alanine Dipeptide

Achieving large time and length scales for molecular dynamics simulation using supercomputers
is not the only way of pushing the envelope in understanding the dynamics of molecular systems.
Another active field of research is the application of Markov Chain Modeling towards the analysis of
the configurational dynamics of molecules: Markov Chain Models serve as a rigorous statistical tool
to characterize and classify the molecular configurations and calculate the transition probabilities
between them. Of particular interest is the application of Markov models in the analysis and
interpretation of experimental data, e.g. for fluorescent microscopy [16], where it has been shown
that the transition times derived from a Markov model analysis of a simulated alanine dipeptide,
correspond well to the experimentally measured relaxation times.

Within the scope of this work, the application of Markov model analysis was extended towards
the prediction and interpretation of dynamic neutron scattering spectra. It is shown that, with a
properly chosen Markov model, the complex scattering profile of alanine dipeptide can be easily
understood as the superposition of simultaneous relaxation processes, with distinct relaxation times
and scattering intensities. The complete treatment of the theory and its application towards alanine
dipeptide has been covered in a separate manuscript’. The necessary theoretical foundations are
discussed in section 2.3.

3.3.1. Molecular Structure and Dynamics

The application of Markov State Modeling (MSM) towards the computation of neutron scattering
is exemplified here using the simulated conformational dynamics of alanine dipeptide (N-acetyl-
alanine-N’-methylamide) (see Fig. 3.27).  This molecule has long served as a subject for
methodological computational studies because the flexible backbone dihedral angles, ® (C — N —
Co—C)and ¥ ( N —-C, —C — N), adopt the conformations typical for the « helix and g
strand motifs in proteins [87, 88, 89, 90, 91|. Furthermore, the alanine dipeptide contains one
side-chain () and two terminal methyl groups (N-ter and C-ter), which provide additional degrees
of freedom relevant to spectroscopic techniques sensitive to atomic displacements, in particular
dynamic neutron scattering. Previous work has indicated that the N-ter and C-ter methyl groups
in the molecule have low rotational barriers, i.e., < 0.1 kcal/mol [92], leading to rotations on the ps
time scale at 300 K. In contrast, the side-chain methyl () group exhibits an intrinsic intramolecular
torsional barrier of about 3 kcal/mol [93] resulting in rotational jump diffusion on the sub ns
time scale. This backbone, side-chain methyl and terminal methyl dynamics makes the system a
good candidate for studying conformational dynamics with the aim of integrating spectroscopic
experiments with MSM.

3.3.2. Modeling with Markov States

The derivation of a Markov state model (MSM) for the configurational dynamics of alanine dipeptide
requires a number of steps, which are outlined in Fig. 3.28. These steps comprise state space
reduction, discretization, implied time scale analysis and kinetic clustering. Each step builds upon
the choices and results of the previous steps. Although the methodology for MSM construction
is well established, the main points of the procedure are briefly summarized here and relevant
information and construction parameters are provided. Further details are provided exhaustively in

fto be published
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HNT

Figure 3.27.: Molecular structure of alanine dipeptide. All relevant dihedral and methyl group
rotation angles are indicated.

the current literature [94, 95]. The software package EMMAY was used for the discretization of the
trajectory data, the implied time scale analysis and the quality assessment of the MSM.

3.3.2.1. State Space Reduction

The first step in the derivation of a Markov model is to find a number of coordinates to capture the
anticipated transition processes. This commonly reduces the observed state space from 3N degrees of
freedom to only a few. The maximum number of chosen degrees of freedom is limited in practice by
the available sampling: more degrees lead to fewer sampling points per unique state and subsequently
to larger errors in the estimated transition probabilities. The construction of a set of generalized
coordinates is often guided by existing knowledge of the accessible configurations and by the ability
to distinguish between them. The chosen coordinates are also referred to as state variables or
reaction coordinates, due to their ability to distinguish different configurational states. An important
feature of a set of state variables is that they together uniquely identify distinct configurations. In
the case of alanine dipeptide, the internal dihedral rotations are a natural choice for distinguishing
between different peptide configurations. In the present example, the set of rotational angles, ®, W,
Cl1 (CAY-CY-N-CA), N1 (CA-C-NT-CAT), C-ter, N-ter, and x methyl were selected as candidates
for state variables (see Fig. 3.27), and their time series are illustrated in Fig. B.1. The values for
®, U and x switch between distinguishable, long-lived (> 10 ps) plateaux, which means that their
associated free energy profiles feature significant barriers with distinct minima. The values for the
C1 and N1 peptide bonds fluctuate around 0+ 15° throughout the whole simulation of 1 us owing to
their strong rigidity, while, in contrast, the C- and N-ter methyl angles have no preferred orientation

YEMMA: https://simtk.org/home/emma
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and rotate freely, consistent with their low barriers (< 0.1 kcal/mol) [92]. To further illustrate the
individual time evolution of the selected angles, the corresponding NMR based angle-angle self-
correlation functions Cyarg(7) = (Pa [cos (0(t) — 0(t + 7))]) [96] were calculated and are plotted in
Fig. B.2 P, is the second-order Legendre polynomial given by Ps(z) = % [31‘2 — 1]. The estimated
relaxation time for x is ~200 ps, for & and ¥ about ~50 ps, and for C1 and N1 and the C- and
N-ter methyl angles ~0.1 ps and ~1 ps, respectively. Consequently, only ®, ¥ and x were selected
as state variables for the subsequent Markov modeling.

3.3.2.2. Discretization

The three state variables, x, ®, and ¥ span a continuous and fully periodic three-dimensional
configuration space, each point representing a distinguishable configuration of the alanine dipeptide.
However, each sampling point occupies a unique location. To allow statistical analysis of the
transitions within this state space, configurations which are geometrically close together must
be clustered and assigned to the same microstate. Two common algorithms for this geometrical
clustering are constant-space clustering and k-centers clustering [95, 97, 98, 50]. Constant-space
clustering applies a regular grid to the complete state space and assigns distinct microstates to
occupied grid elements, while the k-centers clustering algorithm traverses through the sampling data
and generates new microstates for sampling points which do not fall within a certain geometrical
distance of previous microstates. Here, the k-centers clustering algorithm was used to derive a set
of microstates for the alanine dipeptide data using the software EMMA with a target of k& = 1000
cluster centers and the Euclidian metric for distance calculation. It has been shown that the
clustering results converge for large k (e.g., & > 1000), independent of the order by which the
trajectory is traversed [95] (see Fig. B.3 for 1000 cluster centers in ® — ¥ — y space). After
discretization, each configuration of the alanine dipeptide was assigned to one of a finite set of
distinct microstates. The dynamics of the alanine dipeptide can then be described by a simple
time series of these microstates and serves as the basis for the calculation of transition probabilities
from which the microstate transition kernel of the Markov model is derived. The elements of the
microstate transition matrix, 7;;, can then be computed as

Tij = (3.6)
where T;; is the probability for finding the system in microstate j after a lagtime of 7, given that it
was in microstate ¢ at time ¢.

3.3.2.3. Time Scale Analysis

The choice of the best lagtime 7, with which to analyze the time series and for which the conditional
probabilities in the Markov kernel should be defined, requires some consideration. Processes
operating on time scales significantly faster than the lagtime cannot be accurately modeled, because
they have already equilibrated at 7, precluding any detailed time-dependent information. On the
other hand the lagtime must be sufficiently long that the described processes exhibit the Markov
property, meaning that the path of the trajectory in configuration space must be free of hysteresis.

Hence, the choice of the lagtime is guided by an empirical approach in which the microstate
Markov transition kernel is solved for a series of lagtimes and the scaled eigenvalues ¢ =

T

—m(implied times) [95, 94] are plotted against the lagtime itself. For processes exhibiting the

Markov property the implied time, ¢;, becomes independent of the lagtime, 7, which is indicated
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Figure 3.29.: Implied time scales of the processes associated with individual eigenvectors,

depending on the lag time n7, computed as 7} (n1) = ln[)\Z#T)]’ where Ay is the
k-th eigenvalue. The implied time scales of the first 8 eigenvectors become flat at
around 10 ps, which is below the lifetimes of the metastable states, indicating that

the interstate transitions are Markovian.

by reaching a plateau. The ideal lagtime is then given by the minimal value for which all relevant
implied time scales have become independent of the value of the lagtime.

Here, the implied time scale analysis for the derived microstate transition kernel of alanine
dipeptide was performed for the lagtimes (ps)=0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, and is shown in
Fig. 3.29 for the 20 largest eigenvalues. The solid line in Fig. 3.29 marks the onset for the resolution
limit of the Markov kernel which reflects the fact that fast processes cannot be reliably described
by a kernel derived with a large lagtime (lower triangle).

Here, the implied time scale analysis graph suggests two possible reductions of the microstate
towards a macrostate kernel, which are also visible as time scale gaps between the estimated
relaxation times [95, 99]. The first reduction operates on a lagtime of 100 ps and takes advantage of
the first time scale gap between the two slowest processes with any other, and the second reduction
operates on a lagtime of 10 ps and reduces the number of distinguishable processes to 9.

3.3.2.4. Kinetic Clustering

The implied time scale analysis provides a rationale for determining the number of relaxation
processes reliably described by a Markov kernel. Since the number of Markov states is inherently
equal to the number of Markov processes (including the equilibrium distribution), this also provides
the number of distinguishable Markov states. However, more generally, the microstate transition
kernel contains explicit information about the kinetic connectivity between different groups of
microstates expressed as conditional probabilities for transitions. This can be exploited by
remodeling the microstate transition matrix so as to reassign the rows and columns such that those
microstates close together in the matrix are also close kinetically. The result is a kinetic clustering
of microstates into macrostates and is here performed using the improved Perron-Cluster-Cluster-
Analysis (PCCA) method implemented in EMMA [100, 101]. This way two reduced macrostate
Markov kernels were obtained: one 3 state/100 ps kernel and the other a 9 state/10 ps kernel.
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Figure 3.30.: Cluster centers in metastable states I, II, and III in the configurational space of ®,
¥ and y from MSM using m = 3 (a) and m=9 (b)

The micro- to macrostate assignment was visually inspected using a 3-dimensional plot of the
cluster location and assignment in the ® — ¥ — y phase space. Fig. B.4 shows the assignment for
the 3 state/100 ps kernel in which microstates with the same macrostate assignment have the same
indicator, and Fig. 3.30a is a simplified schematic plot of the three macrostates: I (ye[—120,0]), II
(x€[0,120]), and IIT (xe [—180,—120] U[120, 180]) in the & — ¥ — x space. These plots indicate that
the 3 state/100 ps kernel describes transitions between states with differing x, which means that it
exclusively describes the methyl group rotational dynamics. The higher resolution of the 9 state/10
ps kernel is required to resolve transitions between point groups with different ® and ¥ values, and
these are shown in Fig. B.5a. The Markov states are labeled according to their position in x (I,
I1, 11T) and their location within the ® — ¥ plane (a, b, ¢). The projection of the distribution in
® — U — x phase space onto the ® — ¥ plane provides the Ramachandran plot (Fig. B.5b), which
leads to the identification of the Markov states with the Ramachandran states (a represents ag,
b represents 3/C5, and c represents C7,,). Fig. 3.30b is a simplified schematic plot of these 9
macrostates.

The derived macrostate kernel, is provided in Table 3.6. The corresponding eigenvalues and
eigenvectors are plotted in Fig. 3.31, and the relaxation times and frequencies are listed in Table 3.7.

3.3.3. Incoherent and Coherent Scattering Analysis

The total incoherent intermediate scattering function, Fi,.(q, ), is shown in Fig. 3.32 for ¢g=1 A=,
along with the single-atom incoherent intermediate scattering functions,Fj,.(q, 7, ) for a=HY1,
HBI1, and HNT, respectively. These three atoms were chosen as representatives of the hydrogen
atoms on the terminal methyl groups, the side-chain methyl group, and the backbone, respectively.

Fine(q,7,) for HY1 decays within ~1 ps, that for HNT within ~100 ps, and that for HB1
within ~1 ns. The spread in relaxation times for the individual hydrogen atoms indicates that the
associated structural relaxation processes do exist on significantly different time scales and affect
individual atoms to a different degree.
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9-state transition matrix 70" ®%} for alanine dipeptide:
—Ia —Ib —Ic —1la —1Ib —1lc —I1lla —I1IIb —Illc

Ia 0.765 0.202 0.000 0.014 0.002  0.000 0.013 0.003 0.000
Ib 0.266 0.695 0.000 0.005 0.013  0.000 0.005 0.015 0.000
Ic 0.096 0.004 0.846 0.007 0.000 0.046 0.000 0.001 0.001
Ile 0.011 0.003 0.000 0.785 0.186  0.000 0.011 0.003 0.000
IIb  0.003 0.013 0.000 0.312 0.653 0.000 0.004 0.014 0.000
IIc 0.000 0.000 0.042 0.122 0.004 0.832 0.000 0.000 0.000
IIla 0.012 0.004 0.000 0.012 0.003 0.000 0.767 0.202 0.000
I11b  0.004 0.015 0.000 0.005 0.013  0.000 0.289 0.674 0.000
IIIc 0.000 0.000 0.002 0.001 0.001 0.002 0.304 0.029 0.662

Table 3.6.: Row stochastic transition matrix T0®¥} for m=9. Each matrix element describes
the conditional probability for a transition between the originating state (designed by
row) and the destination state (designed by column)

Eigen decomposition for T :®¥} with coherent and incoherent scattering amplitudes:

Process / Eigenvector
1 2 3 4 5 6 7 8 9

Eigenvalue 1.0 0.95 0.94 0.88 0.79 0.66 0.50 0.47 0.46
Tk (ps) / 205.49 189.13 80.37 43.57 24.23 1458 13.34 12.94
Aine,k 0.71 3.4e-2 32e2 14e4 6.7e-5 1l.4e-4 2.4e-2 5.5e-3 1.9e-3
Acon 0.92 8.2e-6 2.6e-7 8.3e-b 7.9e-7 6.2¢-5 3.5e-2 6.7e-3 5H.4e4

Table 3.7.: Eigenvalues, relaxation times/frequencies, and Ay for m =9 and ¢ = 1 At
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Figure 3.32.: Fj,.(q, 7) for all atoms and selected hydrogens atoms at ¢ = 1 A1 directly calculated
from MD trajectories using Eq. 2.16.
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Figure 3.33.: Comparison of Fy,.(q,7), Fron(q¢,7) ¢ = 1 A~! between the result from the Markov
state model using Eq. 2.40 with coherent and incoherent amplitudes described by
Eq. 2.41 and 2.42 and the result from the direct calculation from MD trajectories
using Eq. 2.16 and 2.15.

Fine(g, 7) for the whole molecule calculated from the 9-state kernel MSM is compared with the
result from the direct calculation in Fig. 3.33. The good agreement of the two methods indicates
that the MSM reproduces Fj,.(q, T) very accurately, with small differences found only on fast time
scales as would be expected (<10 ps). The full function Fj,.(q,7) from the 9-state MSM consists of
the 9 components according to Eq. 2.34. The first component, A; jn(q) , corresponding to A\; = 1,

is the elastic structure factor and the other components, ZZ:Q exp (—i) - Aj.inc(q) , are associated

with the relaxation processes in the MSM. The process-dependent scattering amplitudes, Ay, jnc(q),
and the corresponding relaxation times, 7 ;p., are provided in Table 3.7.

The total incoherent intermediate scattering function, Fj,.(q,7), which is that which can be in
principle determined in neutron scattering experiments, cannot be directly used to identify the
set of structural relaxation processes that lead to the decay of Fj,.(¢,7). Rather, in a typical
experimental analysis, Fj,.(q, 7) would be fitted with a set of simple exponential functions (assuming
a small number of relaxation processes) or one single stretched exponential function (assuming a
distribution of relaxation times [102]). This leads to an understanding of the system in terms of
time scales, but not in terms of structural processes. In contrast, the MSM explicitly provides the
decomposition into structural relaxation processes based on the molecular dynamics simulation and
thus serves as an intermediary between the simulation and experiment.

Foon(gq,7) calculated directly from the molecular dynamics trajectory using Eq. 2.15 and from
the MSM using Eq. 2.40 together with Eq. 2.41 are plotted in Fig. 3.33. The agreement of the
results illustrates that the MSM can also reliably reproduce the coherent scattering functions. The
scattering amplitudes, A con(q), are listed in Table 3.7 for ¢ = 1.0 A-' F.on(q,7) decays more
rapidly than Fj,.(gq,7,«) the processes corresponding to Ag = 0.96 and A3 = 0.94 have small
Ap con(q) but relatively large Ay inc(q).

From inspection of Fig. 3.34 it follows that the dominant components for incoherent scattering are
A inc(q) and Az inc(q), while for coherent scattering the largest contribution arises from A7 o4 (q).
An analysis of the eigenvectors shows (see Figure 3.31) that the 2"? and 3"¢ process correspond to
the methyl group rotation, while process k = 7 is associated with a backbone dihedral rotation.
The relative lack of sensitivity of coherent scattering to the rotation of the methyl group is a result
of the methyl group rotation involving a symmetry operation that does not change the value of the
associated observable in Eq. 2.41 [103, 104, 105]. Conversely, structural changes that strongly affect
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Figure 3.34.: Q dependence of scattering amplitudes Ay jne (a) and Ag con (b) of each process.

the observables in Eq. 2.41 and Eq. 2.42 , are expected to manifest themselves in correspondingly
large amplitudes Ag(q).
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3.4. High Performance Calculation of Scattering Profiles

Molecular dynamics simulation has traditionally been a high performance computing problem, which
is why many research groups have spent significant effort on producing algorithms for molecular
dynamics which run efficiently on massively parallel supercomputing hardware [106, 107, 54].
However, the analysis of the generated simulation data is still often performed with algorithms
which cannot fully exploit the architecture of massively parallel computers. One reason for this is
that in many cases the short-term incentive to refactor the analysis algorithms is not strong enough,
which leads to a situation where a moderate amount of effort is spent on achieving a satisfactory
scalability through the use of embarrassingly parallel schemes. E.g. the parallel computation of
the time-averaged root-mean squared deviation (RMSD) can be achieved by splitting the trajectory
into different time segments and assign each segment to a different processing unit.

However, some analysis algorithms are not embarrassingly parallelizable or are a mix between
embarrassingly and delightfully parallel. Two of those cases, which are presented here, are the
calculation of the incoherent and coherent dynamic scattering intensities from molecular dynamics
simulation trajectories. While previous software solutions for calculating all the different scattering
functions already exists [108, 49, 109, 110, 20|, they have not been specifically designed for execution
on a massively parallel computer. This work introduces algorithmic solutions for achieving good
scalability on modern supercomputing architectures. The discussed data staging and calculation
schemes were implemented in the software SASSENA # [19], which has been made available to the
general public.

3.4.1. Data Staging Schemes

The calculation of the incoherent intermediate scattering function, Fj,.(q,7) requires the computa-
tion of the following quantity:

Fine(a,7) = 3 (an(@,0) - a5 (@t + 7)) (3.7)

n

where g is the scattering length, 7 is the correlation time, a,, (g, 7) is the complex scattering amplitude
for atom n and ((),)- denotes the time and the orientational average. The coherent intermediate
scattering function is given by

Fcoh(Qa T) - <<A<(77 t) ' A*(Cﬁt+7)>t>q' (38)

where A(q,t) = Y, an(q,t) is the total scattering amplitude computed from the scattering
amplitudes of all atoms within the system. The distinction between ay inc(¢,t) and an con(q,t)
is neglected for simplicity.

A significant difference between the calculation of the incoherent and coherent scattering is the
position for the summation over atoms, ), which is the innermost part for coherent and the
outermost part for incoherent scattering. Thus, the high-performance calculation of incoherent
scattering requires the data to be organized into a sequence of blocks, each containing the coordinates
of a single atom for all time instances (atom decomposition), while coherent scattering requires each
block to contain the coordinates for all atoms for a particular time (frame decomposition). The
relationship between data alignment and the algorithmic access pattern is illustrated in Figure 3.35.
Patterns which place data elements as neighbors for access in a consecutive fashion benefit for
two reasons: First the computing hardware can better avoid latencies, by loading several data

Shttp://www.sassena.org
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Data Access Patterns and Alignment
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Figure 3.35.: Data alignment and access patterns. Consecutive access on neighboring data
elements is the preferred scheme for high performance computing.

Generic Data Layout of Molecular Dynamics Trajectories

File Header | | frame O | | frame 1 | | | | frame S | | | |frame T-1 | | frame T |
| frame | = | Frame Header | | atom 0 | | atom 1 | | | | atom N |
| atom | = | x coord | | y coord | | z coord |

Figure 3.36.: Generic data layout of a molecular dynamics simulation file

elements at the same time into the processing unit. Second, which is even more important in a
distributed memory environment, the alignment of the data into independent blocks leads to a clear
task assignment, where each processing unit works on a consecutive chunk of data, with little or no
overhead of moving data elements around.

Thus the first priority of any high performance algorithm targeted towards a massively parallel
computing environment, is to place the data accordingly into the distributed memory. The generic
data layout for a molecular dynamics trajectory file is provided in Figure 3.36. For coherent
scattering the optimal data layout matches the data layout usually found in molecular dynamics
simulation trajectories. Thus little effort is necessary to place the data accordingly into memory,
which is illustrated in Figure 3.37. In contrast, incoherent scattering requires a transposed data
layout, which requires a reshuffling of the data at the time the data are read from disk. This is
achieved at almost no overhead cost by introducing a midstate during the reading of the trajectory
data which prepares the data for a MPI AlltoAll call, after which the data is distributed among the
processing units in a transposed form as illustrated in Figure 3.37.
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Frame Decomposition:

. frame O frame 1 frame S frame T-1 frame T
disk
o1 N of1 N[lo]1 N

node 0 node ... node X

endstate time O | time 1 time 1 time T-1 time T
h [ 1 1 [ 1 1 [ 1 |

Atom Decomposition:

] frame O frame 1 frame S frame T-1 frame T
disk
01 N of1 N||lo]|1 N
node 0 node ... node X
IIll dstate time 0 time 1 time 1 time T-1 time T
i h [ [ 1 [ [ 1 |
MPI AlltoAll
[ [ [ [
endstate atom 0 atom 1 atom N-1 atom N
node 0 node ... node X

Figure 3.37.: Data staging schemes for coherent and incoherent scattering. In coherent scattering
the required data layout matches the layout in the trajectory file. In incoherent
scattering a transposition of the data is necessary, which is performed by introducing
a midstate into the data staging, followed by a MPIAlltoAll call.
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Calculation scheme for self scattering

tl..tn trajectory data NI1..Nn | nodes output

al...an | scattering amplitudes fl..fn | scattering signal
N1 Nn ‘ iterate atoms
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tl tl tl tl

mn tn tn n iterate q vector orientations
‘ scatter ‘ ‘ ‘ ‘ scatter ‘ | calculate amplitudes
‘ al ‘ ‘ an ‘ ‘ ‘ ‘ al ‘ ‘ an ‘
‘ DSP ‘ ‘ ‘ ‘ DSpP ‘ | perform DSP
Al L ] ]
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Figure 3.38.: Calculation scheme for incoherent (self) scattering.

3.4.2. Calculation Schemes

For incoherent scattering, also denoted as self scattering, the atom decomposition leads to a
calculation scheme where each processing unit acts independently and no communication of
intermediate results are necessary, as indicated in Figure 3.38. For coherent scattering, the frame
decomposition achieves full data locality for the resulting calculation scheme. However, it requires a
global communication for the exchange of intermediate results, which is implemented as MPIAlltoAll
call, which is indicated in the corresponding Figure 3.39. The DSP step corresponds to the
computation of the autocorrelation ({a(t) - a*(t + 7), or (A(t) - A*(t + 7)),), and the final function
is stored in a data array denoted by fqt (the remaining symbols are explained in Ref. [19]).

3.4.3. Partitioning Scheme

The calculation schemes for coherent (all) and incoherent (self) scattering impose a limit on the
number of cores that can be used in parallel. For coherent (all) scattering this is equal to the
number of frames, whereas for incoherent (self) scattering it is the number of atoms. However,
most scattering calculations require the computation of the scattering signal for many independent
scattering vectors ¢. This allows an additional layer of parallelism to be added based on the number
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Calculation scheme for all scattering

Tl..Tn | trajectory data NI1...Nn | nodes output

Al...An | scattering amplitudes F1..Fn | scattering signal
‘ N1 ‘ ‘ Nn ‘ iterate q vector orientations
‘ TI‘ 2 ‘ ‘ ‘ ‘ ‘ ‘T”‘I ‘ Tn ‘ calculate amplitudes
‘ scatter ‘ ‘ ‘ ‘ scatter ‘ for assigned frames
‘A] ‘ A2 ‘ ‘ ‘ ‘ ’ IA”'I‘ — ‘ iterate some g

D until size of parFition or

(w22 | -] [ [y | memery butter s full
‘ MPI AlltoAll ‘ |transpose
lar | o an] | ] [ar] o [an]
‘ DSP ‘ ‘ ‘ ‘ DSP ‘ |perform DSP
‘ store ‘ ‘ ‘ ‘ store ‘ |integrate into result buffer
o) g | s || el | g
‘ MPI Reduce ‘ |integrate

Figure 3.39.: Calculation scheme for coherent (all) scattering.

99



Partitioning Scheme

NN
NNPP  NNPP NNPP R
car B
| co
e ] s
[ p1 || P2 ]| || Pn |
NP
symbol description
NN all nodes
NP number of partitions
NNPP number of nodes per partition
NQ number of independent q vectors
NAF decomposition parameter (atoms or frames)
R remaining nodes (not used)
CAF cycles per q vector
cqQ q vector cycles

Figure 3.40.: Illustration of the underlying partitioning strategy (top) and definition of the
symbols used (bottom). For a given partition size, NN PP, the utilization, U,
of the available parallel bandwidth is pre-determined (see text).

of independent scattering vectors. This results in a 2-dimensional partitioning scheme with the
partition size being a parameter of choice with the following restrictions: Memory and Utilization.

Memory is a limiting factor since each partition has a full copy of the trajectory data. For
trajectory data which exceed the available memory per node, the minimum allowed partition size
is determined by the minimum number of nodes capable of holding the trajectory data in memory.

The utilization, U is a performance characteristic of the chosen partition size and equals the
fraction of time the cores are being used to compute scattering amplitudes. U can be precomputed:

NAF -NQ
U= NN-car. cQ (39)
cAp - |NAF=NNPP 0= NAFmod NNPP
| (NAF +NNPP)+1 else
cq - {NQ+NP 0= NQmod NP (3.10)
(NQ+NP)+1 else

The partitioning scheme and the origin of equations 3.9 and 3.10 are illustrated in Figure 3.40
together with the list of symbols.

Since the utilization can be computed in advance, the software calculates U for each possible
decomposition and selects that partition size NN PP yielding the highest utilization. Sometimes
a particular partition size is favorable even though it may not yield the best utilization U, as,
for example, when the partition size should be equal to or a multiple of the number of cores per
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Computational flow
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Figure 3.41.: Overall computational flow. After initialization, data is read from disk or the network
file system and optimally distributed among the available computer nodes. During
the compute phase all MPI communication is local to its partition.

computer node. In cases where the partition size is equal to the number of cores per computer
node, communication within a partition is local and avoids network latencies. These non-trivial
aspects of the partition scheme make it hard to automatically select the overall best partition size
for a given problem, which is why the user usually has room for performance optimization, given
enough knowledge about the hardware layout of the parallel computer. If the selected partitioning
scheme results in more than one partition, the trajectory data are read by the first partition and
subsequently cloned into the remaining partitions.

3.4.4. Software Performance and Scalability

The data staging and calculation schemes were implemented using the programming language C++
and the software was made available to the general public free of charge [19]. The I/O performance
and the scalability of the software was characterized using a set of benchmark files. Each time the
software is executed, it performs two main tasks: staging of the trajectory data and calculation of
the scattering signal, which is illustrated in Figure 3.41. The performance characteristics of these
two tasks depend on different aspects of the underlying hardware, which is why they are discussed
separately. Data staging is dependent on factors such as the number of available file servers, the file
protocol and the trajectory format, while scattering calculations depend mainly on the partitioning
scheme, the available high performance network and, in particular, on the type of scattering function.
The performance was assessed by software internal timers. The single node computational efficiency
of the scattering routine (which computes the scattering amplitudes) was measured with CrayPAT
and was 850 MFlops at double precision with default optimization settings using the GNU C++
compiler, which corresponds to about 8.2% of the single node peak performance.
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Benchmarked computing platforms:

Feature System
Moldyn Jaguar Hopper
File System NFS/Gigabit LUSTRE LUSTRE
Interconnect Infiniband Cray Seastar2+ Cray Gemini
Cores/Node 12 12 24
CPU Type AMD Opteron 2431 AMD Opteron 2435 AMD Opteron 8378
GB RAM/Node 16 16 32
Nodes 100 18688 6392

Table 3.8.: Systems used to run the performance benchmarks. Moldyn is a computational cluster
owned by the Center for Molecular Biophysics at ORNL. Jaguar and Hopper are Cray
supercomputers, administered by NCCS and NERSC, respectively.

Benchmark sets:

System ID  Atoms Benchmark 8 Benchmark 48 Benchmark 240
Frames XTC DCD Frames XTC DCD Frames XTC DCD
SL 613 400k  831M 2.8G 2M 4.1G 114G 5M 111G 35G
MM 120k 2k 930M 2.8G 15k 6.9G 21G 50k 244G 68G
LS 3.7M 60 845M  2.6G 500 6.9G 22G 2.5k 3G 107G

Table 3.9.: Benchmark systems used characterized by their minimum job sizes. The symbols SL,
MM and LS stand for small-large, medium-medium and large-small respectively. The
benchmark files were tailored for minimum partition sizes of 8, 48 and 240.

3441. 10

The IO performance is given by the time required to stage the trajectory data and was characterized
by running a set of benchmarks on different computer systems, listed in Table 3.8. Moldyn is
a computer cluster of 100 12-core compute nodes with an Infiniband network to perform MPI
communication and possesses 2 file servers, one located on the head node and the other on a
dedicated node, on which the benchmark data was placed. The file servers are connected to the
compute nodes via Gigabit Ethernet. Jaguar is a Cray XT5 supercomputer at Oak Ridge National
Laboratory and possesses 18688 12-core compute nodes, a LUSTRE file system and a CRAY
SeaStar2-+ network for high performance communication. Hopper is a Cray XE6 supercomputer
hosted by NERSC and possesses 6392 24-core compute nodes, a LUSTRE file system and a CRAY
Gemini network. Jaguar and Hopper are similar architectures common for supercomputers, while
Moldyn is the intermediate cost solution of a high fidelity computational cluster.

Three benchmark sets were prepared, corresponding to partition sizes of 8, 48 and 240 cores, which
also determines the number of instances used to read the trajectory in parallel. Each benchmark
set contains three molecular systems with distinct characteristics (frames/atoms) and file formats
(XTC/DCD). The benchmark sets are listed in Table 3.9.

The IO performance results are given in Figure 3.42. The performance was assessed as the time
to finish the data staging phase and was determined as the minimum out of 10 trial runs for each
case. The stage time was additionally renormalized by the file sizes to yield effective bandwidths in
MByte/sec, shown in Figure 3.43.

Moldyn shows an approximately linear increase in data staging time with the partition size,
stemming from the availability of only one file server and the bandwidth limitations of the Gigabit
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Figure 3.42.: IO performance results measured by time to completely load the trajectory data
into memory for all and self scattering on Moldyn, Jaguar and Hopper for the three
benchmark sets.

network. The time to stage data for all scattering is similar to that for self scattering. Jaguar shows
significantly better scaling characteristics since more file servers and a better network are available.
This causes the maximum effective bandwidth to approach the 1 GByte/sec mark. However, for
the SL benchmark files Moldyn actually performs better than Jaguar, especially for small partition
sizes. The SL system features a large number of small frames, thus generating much more file
access requests than the other systems, and this seems to be a problem for the LUSTRE file system
in the current case. Hopper exhibits IO characteristics similar to Jaguar, as expected since both
supercomputers have very similar IO systems.

3.4.4.2. Scattering Calculations

The computational demand depends on the type of scattering calculation to be performed.
All scattering requires global MPI communication during the calculation because the data are
decomposed by frames and the DSP step requires the full time signal. Thus, for each orientation
of the ¢ vector, the signal must be aggregated on one node, which then performs post-processing
operations and puts the result into local buffers. Self scattering does not require data exchange
during the calculation since the trajectory data has been placed accordingly. However, self
scattering requires a post-processing operation for each single atom, i.e., the computation of an
autocorrelation, which can become significant for long trajectories (FFTW scales with O(T"-log(T"))).
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Figure 3.43.: IO performance results measured by the effective bandwidth achieved for all and
self scattering on Moldyn, Jaguar and Hopper for the three benchmark sets.
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Figure 3.44.: Scaling results for Jaguar. The jobs sizes were 240, 480, 720, 2400, 4800 and 7200
cores. The partition size was chosen automatically to yield the best utilization. The
scaling results for Moldyn and Hopper have similar characteristics (data not shown).

The performance characteristics were sampled with a set of 3 benchmark files and 4 variations of
the scattering function, consisting of all vs. self scattering and a calculation for one scattering vector
with 100 orientations (V1/0100) and 100 scattering vectors with one orientation each (V100/01).
The DSP setting was set to autocorrelate, which computes dynamic scattering functions and allowed
the investigation of the impact of significantly different computational costs for DSP (complexity
O(T -log(T)) on the scalability for the three systems SL, MM and LS. Figure 3.44 shows the scaling
results for Jaguar. Hopper and Moldyn have similar scaling characteristics (data not shown).

The heterogeneity in the type of function to compute makes it difficult to derive a single
performance measure. However, from Figure 3.44, a few observations are apparent. Computing
the signal for the SL system in case of V1/0100 does not scale well. For self scattering the reason
is trivial since the partitioning is limited by the number of atoms. For all scattering the reason
is more complex and has been investigated by decomposing the total calculation time into its
components, shown in Figure 3.45.

The decomposition shows that the time to compute an autocorrelation becomes significantly larger
than the time to compute the scattering amplitudes for larger partition sizes, and therefore there is
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Figure 3.45.: Scattering calculation time for the SL and MM systems in the V1/0100 case
decomposed into individual components of the scattering kernel. The time spent
in the DSP phase and MPI communication is negligible for the MM and significant
for the SL system.

no effective speed-up when increasing the number of cores. Instead the increase in the number of
cores increases the MPI overhead in the global communication until the overhead becomes dominant.

The scalability of V1/0100 self scattering for the SL system can be increased by employing
threads, which is illustrated in Figure 3.46. By placing a single MPI process on each 12-core
compute node, the partition can span 12-631 cores instead of 631. The cores on each compute node
are then utilized using threads.
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Figure 3.46.: Scalability result using multiple threads for V1/0100 self scattering of the SL
system. For clarity the result without using multiple threads is also shown.
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4. Conclusion

Physical experiments have long served as the cornerstone for scientific discovery and investigation.
The growing complexity of the scientific data has inspired the development of a rich set of
analytical and computational techniques to reduce the data into meaningful and digestible pieces of
information. Starting out as yet another analytical technique [111, 112], in recent years, molecular
dynamics has evolved from a simple computational tool for analyzing experiments towards a
powerful framework of studying molecules and biomolecular systems in a level of detail unmatched
by real physical experiments. Three factors have largely contributed to this development: The
rapid progression of computational power, the sustained financial investment into computational
infrastructure and tools, and the large scale support by the scientific community. However, despite
all the progress of the molecular dynamics methodology, development efforts have never been
stronger and they usually split into several camps: Increasing the raw computational performance of
molecular dynamics code on the available computational platforms [55?7 |, implementing intelligent
algorithms to sample relevant configurations [23, 113], devising new analytical strategies to study
complex systems [94, 98] and exploring the validity of new simulation protocols [56], to name a few.
This work particularly benefited from the large scale parallelization work performed by the scientific
code developer Roland Schulz.

As illustrated by the study of cellulose crystallinity and dynamics through the use of scattering
theory in Section 3.1, the analysis of molecular dynamics simulation and atomistic models can
leverage from the rich set of existing experimental techniques for studying complex matter, with
the added benefit of having the full atomistic information available. This ultimately leads to a deeper
understanding of the experimental method in terms of structure/dynamics vs. signal relationships.
It also brings computational and experimental scientists closer together by developing a common
analytical framework.

The study of lignocellulose, as discussed in Section 3.2, provides an example for a highly complex
molecular system and process which cannot be easily studied in nature, due to experimental
limitations. By leveraging the extensive computational resources made available through the Oak
Ridge National Laboratory and the Department of Energy, this work provided the first clue in
scientific history that an increase in cellulose crystallinity correlates with an increase in the amount
of cellulose-lignin aggregation on the molecular level.

A proof that not all methodological advancements require extensive computational power, was
provided in Section 3.3, which illustrated the utility of using Markov models for decomposing and
interpreting dynamical neutron scattering functions. It shows how the molecular dynamics method-
ology and experimental scattering techniques can be combined in future to derive unequivocal
descriptions of the conformational dynamics of molecules and their experimental observables.

The last section of this work, Section 3.4, presented the extensive work involved in creating
a high performance software package for calculating the dynamical neutron scattering functions
on modern supercomputer architectures. The recent shift in programming paradigms from serial
towards parallel computing creates a performance gap which has to be closed by devising calculation
schemes which work well on the available computing platforms. This work has shown that the full
dynamic scattering function of molecules can be computed on massively parallel computing platform
without making compromises in computational efficiency, leading to nearly perfect scaling.
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Figure 4.1.: The association of the various methods and approaches discussed here with the
four scientific subdomains they cover: high performance computing, experimental
scattering techniques, Markov modeling and molecular dynamics. The culmination

point yields the direction for future developments.

The connection of the various methods and approaches discussed here with the various scientific
subdomains is visually illustrated in Figure 4.1. Each of the projects operates on an intersection of
at least two of the four domains: high performance computing, experimental scattering techniques,
Markov modeling and molecular dynamics. The culmination point of all subdomains yields the
logical progression of the methodology as a whole. It suggests that the future of molecular dynamics
lies within combining experimental techniques (e.g. scattering theory) and stochastical tools (e.g.
Markov modeling) to yield unmatched descriptions of molecular dynamics and its experimental
observables. The level of complexity of the simulated systems and the level of analysis will determine
the amount of computational resources required.
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A. Simulation and Calculation Parameters

A.1. Cellulose

The library of cellulose models was constructed by starting from a fully I-3 crystalline model based
on the crystallinity parameters provided in Ref. [59] and a consensus model for the fiber provided
in Ref. [61]. The noncrystalline regions in cellulose were attained by aligning the fiber axis along
the z direction and applying strong harmonic positional constrains to the x and y coordinates of
a selected segment within the cellulose fibers and simulate the fiber at a high temperature (650
K). These simulations were performed with the GROMACS MD suite [55] using the TIP3P water
model [114] and the CHARMM Carbohydrate Solution Force Field (CSFF) [115] for cellulose.
Since this work was completed the carbohydrate force field has been revised [116]. However, the
results concerning the crystallinity vs. noncrystallinity of cellulose are general enough, to allow for
inaccuracies in the cellulose force field description.

The calculation of the WAXS pattern of cellulose was performed as an isotropic orientational
average over 10 times 100,000 vectors. The intense orientational averaging is necessary for the
WAXS to converge, which takes signifantly longer for crystalline samples. All scattering calculations
were performed using the software SASSENA.

The INS calculations were based on simulations performed at room temperatue (300 K) for
solvated models of fully crystalline (n-0) and noncrystalline (p-0) cellulose and averaged over 100
random orientations. Simulations were performed for 25 ns, with a time step of 2 fs and using
LINCS for hydrogen bond constrains. The coordinates were saved at intervals of 5 ps. The short
time INS analysis and IXS calculation was based on simulations performed for 100 ps and a 1 fs
timestep, and the coordinates were saved at each time step. The simulation protocol of the cellulose
fiber was otherwise identical to the one described for Lignocellulose in Section A.2.

A.2. Lignocellulose

All models were hydrated with a 1 nm shell of explicit water, resulting in simulation sizes of 3.31, 3.43
and 3.80 million atoms for the NC, FC and FN models, respectively. All models contain 1.56 MDa of
biomass. The size of the cellulose fiber and the amount of lignin used in the simulation matches the
experimentally-observed ratio of molecular weights in softwood (cellulose:lignin = 1:0.52) [85]. The
simulations were performed with the GROMACS MD suite [55] using the TIP3P water model [114]
and the CHARMM Carbohydrate Solution Force Field (CSFF) [115] for cellulose and the CHARMM
Lignin Force Field [117]. Since this work was completed the carbohydrate force field has been
revised [116]. However, the changes made, which affect principally details of crystal structure
geometries, are unlikely to impact any of the properties examined is the present work, which concern
principally solvation and interfacial energies. Each of the models was simulated for 500 ns at 300 K
using the NPT ensemble at 1 atm, with the NC model simulated twice with different initial starting
velocities to examine the dependence of the aggregation on random fluctuations in the thermostat
and barostat, giving a total of 2 us simulation time. No significant difference was found between
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the two NC simulations (see Supporting Information of the corresponding manuscript) and hence
only data for one NC model are shown. The trajectories were saved for analysis every 5 ps.

The system was simulated with periodic boundary conditions. The size of the simulation
box is the result of the geometric dimensions of the cellulose fiber, the placement criteria for
the lignin molecules and the additional solvent shell to allow for sufficient solvation. The mass
specific hydration (biomass:water) is 8.2:91.8, 7.5:92.5 and 7.3:92.7 for the NC, FC and FN models,
respectively. The non-bonded electrostatic interactions were calculated using the Reaction Field
Zero (RFZ) method [38, 118] with a 1.2 nm force and 1.5 nm neighbor-list cut-off. It has been
shown that RFZ is of accuracy similar to the commonly-used Particle Mesh Ewald method [34] for
biomass systems while allowing significantly better parallel computational efficiency above 10000
cores [56]. Van der Waals interactions were reduced to zero between 0.8 nm and 1.2 nm using
a “switch” function [118]. Bonds containing hydrogen were constrained using LINCS [43]. Water
internal dynamics was constrained using the SETTLE routine [41]. All systems were simulated
in the NPT ensemble. The systems were first simulated for 1 ns to reach equilibrated values for
temperature and pressure. Initial equilibration for 1 ns up to 300 K in steps of 30 K and semi-
anisotropic pressure at 1 atm with a simulation time step of 1 fs was followed by a production run
at 300 K and isotropic pressure coupling and a simulation time step of 2 fs. During equilibration,
the temperature and pressure were controlled with the Nose-Hoover (¢ =1 ps) (author?) [119] and
Berendsen algorithms (author?) [120] (¢ =4 ps), respectively, while for production, the temperature
and pressure were controlled using the Berendsen thermostat (£=0.1 ps) and the Parrinello-Rahman
barostat (¢ =4 ps) (author?) [121]. The values for ¢ above denote the characteristic relaxation
constants for the respective thermostat and barostat. Neighbor searching was performed every 10
time steps. The simulations were carried out on the Jaguar XT5 Petaflop Supercomputer at the
Oak Ridge National Laboratory, using 40000 cores at a peak performance of 27 ns/day.

A.3. Alanine Dipeptide

Equilibrium MD simulations were performed using NAMD [? | with the CHARMM?22 all-atom force
field [122] for the alanine dipeptide and TIP3P for the explicitly modeled water molecules [114]. The
alanine dipeptide was placed inside a cubic box with a distance of 7 A~ to the closest edge, and was
solvated by water molecules. Periodic boundary conditions were used and electrostatic interactions
were calculated using the Particle Mesh Ewald (PME) method [32] with a grid spacing of 1 A~1.
Short range electrostatic and van der Waals interactions were switched to zero between 10 A-1 and
12 A=1. Neighbor lists were updated every 10 steps and the non-bonded interactions were calculated
every second step. Internal water motion was constrained using the SHAKE algorithm [42|. The
simulated system was first energy minimized for 10000 steps using the conjugate gradient algorithm,
followed by 1 ns MD equilibration and 1us of production. The integration time step of the MD
simulations was 1 fs and the recorded trajectory time step was 100 fs. During the equilibration
the temperature was gradually increased from 0 to 300 K at a rate of 10 K/ps. The temperature
was kept at 300 K using the Langevin thermostat with a 5 ps time constant coupled to the heavy
atoms. The pressure was maintained at 1 atm using the Nosé-Hoover Langevin piston barostat with
a period of 100 fs, a decay time of 50 fs and a temperature of 300 K.
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B. Supporting Data

B.1. Alanine Dipeptide
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Figure B.1.: Time-dependence of seven dihedral angles (®, ¥, C1, N1, C — ter, N — ter, and x
methyl angles)
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1000 cluster centers in the configurational space of ®, ¥ and x using k-means

clustering method.

Figure B.3.:
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