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ABSTRACT

The computational capabilities of molecular dynani®) simulations have
greatly advanced in recent years, allowing forrtiaglelingof evermore complex
systems. In the field of membrane simulation, this has facilititetiesof bothlarge,
heterogeneousystems and dynamics on millisecond time scales. @oedly,
innovations in experimental technique have allowed for probing dynamics on length
and time scales approaching those in simula#A@rthese efforts continue to progress,
future extensions will allow for direct comparison between experiment @udbasion,
enablingfurther refinemento both.

Membranes are qua&D viscous fluids which require accurate modeling of
hydrodynamic transport to fully capture their dynamics. Relevant hydrodynamic
theory predict longrangecouplingamong proteins diffusg laterallyin the
membrane. In MD simulation, these ledgtance interactions lead to selferaction
through the periodic image lattice and other finite size effects which may only be
reduced by increasing the system s@zensequently,@urate modéhg of bulk
hydrodynamic transport using traditioMdD (i.e. with explicit solvent particles) is
not feasibleCalculating pairwise forces between the solvent particles demands an
overwhelming majority of the available computational resources at thesitequi
system sizes. This predicament constitutes an unmet scientific need as novel
algorithms and software implementations are required for accurate and efficient

modeling of hydrodynamic interactions at scale.
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We have met that need by supplementing aniangolvent lipid model called
Dry Martini with an efficient mesoscopic hydrodynamics model called paltiicle
collision (MPC) dynamics. Our hybrid model, called STRD Martini, is implemented
in the popular opesource MD software package GROMACS v5,@fiening the
way to further studies of membrane dynamics with proper accounting for
hydrodynamic interactions. The selection of MPC dynarfacghe mesoscopic
solvent model was motivated by its partibl@sed nature, which cleanly interfaces
with existig GROMACS codeAs such, GROMACS may treat MPC particles just as
any other particle for the purposes of integration, parallelization, trajectory writing,
analysis, and force calculation (when desired). When combined with domain
decomposition, STRD Martirscales to thousands of processors, providing accurate
hydrodynamics while running at least an order of magnitude faster than equivalent
explicit-solvent simulations.

The theory for membrane hydrodynamics in periodic geometries, called
periodicSaffmanDelbriick theoryrequires three parameters, two of which may be
measured independently and a third which is a true fit parameter of the irozlel.
independent parametegsharacterize the membrane surface viscosity and coefficient of
friction between membrane leaflets. These parameters are not commonly calculated
from simulation and remain uncharacterized for most popular membrane force fields.
Following the blueprint of ararier work, we further develop a protocol for
conducting nonequilibrium shearing simulations to measure these parameters and

apply the protocol to both coargeain and alatom membranes.
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Chapter 1

INTRODUCTION

1.1 Introduction to Lipid Membranes

The study obiology and soft mattas replete with examples of complex
molecular systemexhibiting interesting physic©ne fascinating example are plasma
membranes; the serpermeable, selissembling fluid sheets which enclose cells and
yet allow them to interaatith their environmenf3]. The plasma membrane hosts
thousands of different proteins, the molecular machinery responsible for cellular
activity. About onethird of the proteins in the human proteome are integral membrane
proteins[4], and well over half of pharmaceutical drugs target these proteins or the
membrane itself to trigger or disrupt important cellular funct{®hsThe organization
and dynamic behavior of these proteins, and hence their response temte&m
governed by the physical environment provided by the plasma membrane. In addition,
viral infection requires crossing the membrane via the process of endocytosis;
following replication, viral exit requires passing back through the membrane via
exocytosis[3]. Hence, a nuanced understanding of the structure and dynamics of cell
membranes and the transport of proteins embedded within them is of great interest to
medical science independent of the interesting questions they pose for soft matter
physicists.

Plasma membranes are composednophipathianolecules calledipids,
which join one or moréydrophobidatty acid tails witthydrophilic polarheadd6].

In the presence of water, this difference in hydrophobicity causes these molecules to



spontaneously form double sheets with the headfe exterior and the tails shielded
within. Each sheet of the membrane is called a leaflet; together they form the
phospholipidbilayer. These membranes are roughly 4 nm thick but extend over
micrometer lengtiscales. The lipids in each leaflet are free to move about, creating a
two-dimensional viscous fluilMomentum transport in the membrane is closely
coupled to hydrodynamic flows in the surrounding water, creating a hybrid system
which exhibits characteris$ of both tweand threedimensional hydrodynamics at
different lengthscaleq7].

Over sufficiently long lengtlscales membrangcan be accurately modeled
continuous elastic sheawith elastic moduli describing the enetig penalty to stretch
or to bend tem([8]. The required bending energy is low enough for thermal
fluctuations tospontaneouslgxcite undulations of the membrane surface. Cells (and
invading viriors) are able to exploit this flexibility to remodel the membrane in a
variety of ways, creating pits or folds in the surface or budding off a region of the
membrane and its contents entirely. The plasma membrafsonnected at
various points to an iatnal fiber network called the cytoskeleton, which provides
rigidity and structure to the celh addition to the plasma membranell€useother
lipid membraneso provide internal structure and to compartmentalize important
cellular functions into orgeelles[3].

Manydifferentproteinsassociate witimembrans. Some only attach to their
membrane on a temporary basis, while others are permanently andhuerédaiter are
called integral membrane proteins and
leaflets and often include domains located inside (intracellular) and outside the

membrane (extracellularfheseproteinsservea variety ofimportant cellular



functions including proteins which induce or facilitate membrane curvatcihannels
that allow ions or other small molecules to pass through the memhbratreceptors
which react to the presence of particular molecules outside th®wgell half of dl
FDA-approveddrugs targethesetransmembranproteins, with the most common
class being a group of receptors couplehti@acellulari @ r ot Bl ns 0

There are also a wide variety of different lipids found in the membranes of
living cellsd ca. 800 different combinations of acyl chain, backbone, and headgroup
chemistry[10], but about onghird by mole of the lipid component in eukaryotic
membranes is cholesterol. Depending on their mutual interactions, these complex
mixtures of lipids and proteins might form localized regions of distinct composition in
the cell membrane. Thetion that these domains may serve a functional role as
platforms for signaling [11k Wkendiwrmedfosn t he A F
the complex, nonequilibrium environment of the cell, model membrane mixtures can
form coexisting fluidamhadid s ,quad @d2].l1de & ot Idieq u
Both are fluid, but they differ in composition, and as a result, in the extent to which
the acyl chains order. Such model systems have long served amstéordrealcell

membranes in both experiment and simulation.

1.2 Lipid Types

Four lipids are frequently referenced throughout this document using their
abbreviated names: DPPC, DOPC, POPC, and PSM. Full chemical names for these
lipids are given imable 1.1 and their chemical structures are illustrate&io 1.1.
The first three differ only in their tails; they share the same phosphatidylcholine (PC)
headgroups connected to the glycératkboneTheir tails are all either palmitoyl or

oleyl, with thelatter containing a single unsaturation about halfway along the acyl



chain and two additional carbons. Ofas two palmitoyl, D©has two oleyl, and PO

has one of each. As is often the case in chemistry, this minor difference has a profound
impactonthegi col |l ective dynamics. The unsaturat
which causes oleyl tails to be more disordered, leading higher membrane viscosity,

slower diffusion, and lower melting temperature. In contrast, the orderly palmitoyl

tails tend to lineip more readily, leading to higher melting temperature.

Tablel.1l: Lipids referenced throughout this documénelting temperatures given
by DPPC[13], DOPC[14], POP{15], PSM[16], CHOL [17]).

Abbreviation| Full Chemical Name Tel\r/lneplfei?gture
DPPC 1,2-Dipalmitoyl-sn-glycerc-3-phosphocholine 314 K
DOPC 1,2-Dioleoyl-snglycero-3-phosphocholine 256 K
POPC 1-Palmitoyt2-oleoytsnglycero3-phosphocholing 271K
PSM Palmitoyl sphingomyelin 314 K
CHOL Cholesterol 422 K




CHOL

Figurel.l: Chemical structures of lipids referenced throughout this document
(Images created using the ChemSketch v1AL8]).

1.3 The Case for Simulation
Experimental methods to observe the spatiotemporardigs of membrane
proteins and lipids have advanced significantly over the last decade, and especially in

the last few years. In live cells, single particle tracking (§B9]y [21] and



fluorescence correlatisgpectroscopy (FCS) with subdiffraction detection volumes
(achieved by stimulated emission depletion (STED) microsd@2yhave revealed

the plasma membrane to be heterogeneous on tens of nanometers, with
correspondingly heterogeneous dynamics. Taken together, these resulés augge
hierarchical membrane organization, with the cytoskeleton influencing transport above
80 nm lengtlscaleq23], and lipidprotein interactions operating below this length
scale[24].

In model systems, mixtures that are comparatively simple are also
heterogenemi Neutron scattering reveals nanoscale liguakred domains in
vesicles comprised of a mixture of 3 or 4 components (including choleg&5pl)n a
ternary mixture that supports liguatdered/liquiddisordered (Lo/Ld) coexistence
nanoscale heterogeneities in composition and dynamics are observed byrSBED
[26], provided the mixture is deposited on a glass support, which pins a fraction of
lipids facingthe support. In similar mixtures of a uniform Lo phase, heterogeneities
are observed on yet smaller lengtiales and timscales by molecular dynamics
simulationg27], [28] and interferometric scattering (ISCAT) based $29.

While these experimental results point to essential aspects of spatiotemporal
organizationd the role of the cytoskeleton in partitioning the membrane, the
existence of nanoscale compositiohaterogeneity) they are mostly silent on the
details of the underlying mechanism. For example, how does actin create a barrier to
diffusion? By a simple steric mechani$®i], or by modifying the mmbrane
viscosity in the neighborhood of actin binding protdB@j, or in some other way?

How do nanoscale heterogeneities in composition modify local proteusidiff when

observed (i.e., averaged) over the longer length andstiales relevant to signaling?



Answers to these questions will come froomputationamodeling
approaches. Based on the above discussion, an appropriate modeling approach must
fulfill certain criteria: (i) It must resolve proteprotein and lipigprotein interactions
with reasonable chemical specificity, (ii) It must span lesgtdes from individual
lipids to the 100 nm lengtbcale of the cortical cytoskeleton mesh, (iii) It must
accuately resolve dynamics. In order to achieve this last point, a modeling approach
must account properly for the hydrodynamics of the solvent adjacent to the membrane.
This is clear from continuum arguments originally proposed by Saffmabealbdick

[7], and later extended by Hughes, Palinthorpe, and 3iiie

1.4 Research Objectives

As computational capabilities have grown étent decades, the scope of
accessible molecular dynamics (MD) simulations has expanded from studies of hard
sphere$32] and simple fluid$33] to virus capsid$§34], coarsegrained viriong35],
and millisecond simulations of single domain prot¢8€. Early simulations
involving lipid bilayers were chiefly concerned with demonstratingassiembly and
obtaining sensible thermodynamic properties such as the thickness, area per lipid,
NMR observables, and beimg modulus of single component membrai3a3i [39].
Contemporary simulations have achieved sufficient complexity to study phase
separation in mukcomponent mixtureR28], [40], [41] and the dynamic properties of
relatively large membrang42], [43].

For MD simulations with periodic boundary conditions, the loaugge nature
of hydrodynamic interactions in membranes leads to coupling between periodic
images, resulting in significahtydrodynamidinite-size effects. An important

consequence is the deviation in observed diffusion rates of lipids and transmembrane



proteins whertompared to predictions from SaffmBelbrick (SD) theory7], [31],
[44]1[46]. In order to perform quantitative, predictive simulations of dynamics in
complex membranes, it is necessary to operate in a regime that minimizesifiaite
effects due to hydrodynamic interactions, which requiresmawventionally large
systemd44]. For lateral diffusion, simulated systems should be at least an order of
magnitude larger than the SaffmBelbrick length in all three dimensions.

Since allatom force fields have SD lengths comparable to experiment (i.e.,
p 1 mm), simulating sufficiently large athtom systems for any appreciable length of
time is infeasible for the foreseeable future. In contrast, comeseed force fields are
tractable due to their softer liplgbid interactions, which result in lower membrane
surface viscosity. For instance, membranes of Martini DPPC have a SD length of
roughly 8.6 nm, which implies sufficiently large systems are2@Dnm. Even so, a
100 nm cubic Martini system has roughly 8.5 million interaction sites, 95% of which
are wate. The majority of the computational effort is devoted to resolving interactions
within the solvent. A more efficient treatment would be to replace the egeased
water particles with a mesoscopic hydrodynamics model coupled to the Martini lipids.

The first goal of my research was to produce a podafoncept
implementation of this idea using a modif6&ROMACSV5.01[47]. To forgo
reparametrizing the lipid model, an implisiblvent variation of Martini called Dry
Martini [48] was used. The hydrodynamic momentum transport of the solvent was
introduced through a mesoscopic hydrodynamics model called stoalwasation
dynamics (SRD), the resulting combination

rotation dynamicso (STRD) Martini



Once the code was finished, significant effort was required to optimize its
communication protocol for efficient parallelizatidrhis was an iterative process,
featuring severgbromisingprotocolswhich were implemented and promptly
discarded as better protoselere designed. The final communication code achieves a
dramatic performance improvement relative to the originally published code, along
with a crucial correction to the integrator. Taken togetiherimprovements alloed
STRD Martini to perform 200 nmparsegrained membrane simulations with scalable
performance approaching the efficiency of Dry Martini, while including solvent
hydrodynamics.

Recent work has provided a theoretical description for computing lateral
diffusion in periodic membraneslled geriodic SaffmarDelbriick (PSD) theoriA4],

[46]. Diffusion in the merbrane simulations has been successfully shown to follow
thistheory[45], but it lacks predictive power due to a dependence on two membrane
parameters which are not readily available in the literafuthird goalof my

research was to develop a methothttependentlygalculatetheseparametes from
nonrequilibrium simulationgnd compare them with values fitted to the PSD theory. If
the shear viscosity of a membrane is known, the theory is reduced to only one free
parameter: the effective hydrodynamic radius of the diffusing object. Wherea@ppli
lipid diffusion, this may provide an avenue for understanding the length scale where

molecular and continuum hydrodynamics for lipids intersect.

1.5 Dissertation Outline
The next three chapters provide an overview of the background material
relevant tohis work. Principles of molecular dynamics simulations are discussed in

Chapter 2, including algorithms for integration, temperature, and pressure control. A



discussion of the force fields used throughout this work is also included. Chapter 3
develops th¢heory for low Reynolds number hydrodynamics, finishing with a
description of membrane hydrodynamics and its application to a periodic system. This
is followed by a discussion of the MPC algorithm in Chapter 4 along with a brief
survey of other mesoscoanulation models.

The final three chapters present results for the STRD Mangmibrane
simulation model and membrane viscosity measurements from nonequilibrium
shearing simulations. Chapter 5 discusses the GROMACS implementation of STRD
Martini, giving rationales for the coupling method and parameter selection before
showing the results of validation testing. It ends with an application of STRD Martini
that demonstrates an important hydrodynamic finite size effect on lateral diffusion in
the membrane. §nificant effort went into optimizing the communication code to
make the performance of STRD Martini competitive with Dry Martini. This work is
detailed in Chapter 6, along with results from a series of performance benchmarks.
Chapter 7 presents membraneface viscosity results along with the theory required

to calculate them.
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Chapter 2
MOLECULAR DYNAMICS SIMULATION

2.1 Principles of Molecular Dynamics

Molecular dynamics (MD) simulations study the dynamics of maanyicle
molecular systems by numerically integratthg classical laws of motigd9]. MD
particles may represent whole molecules, atoms, or groups of atoms, depending on the
level of chenical specificity required by the system under considerafigpical lipid
membrane simulations either involve atora-@tom simulations) or groups of atoms
(coarsegrainedsimulations, in the parlance of the field). The positions and velocities
of each particle are represented with continuous variables, while time is discretized
into regular intervalef durationz-0 called timestepsAt each timestep, the force
acting on ach particle is calculated through its interactions with other particles,
parameterized by farce field. The equations of motion are integrated for each
particle with these forces to produce new positions and velocities for the next
timestep. This procede is repeated many times to gradually gendrajectoriesfor
each particle in the simulatigeeeFig 2.1).

Therearemanywell-known algorithms fonumeri@l integraton ofordinary
differential equationsising finite differencesncludng the Euler, RungeKutta,
Verlet, and leapfrognethod [50]. MD programs call code responsible fotegrating
the equations of motioimtegrators. Careful algorithmic considerations are necessary
to minimize integratiorerror and produce physical trajectories. Not every algorithm

for numerical integration is suitable for MD. Some produce trajectories which do not
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conserve energy. Others require multiple force computations per timestep, which is
overwhelmingly the most coputationdly laborious part of any MD program. Other
popular integrators do not conseesergy,modeling the dynamics of particles

coupled to a heat bath via random impulses and dissipative forces.

! Force

Particle
Configuration Calculation
G F(#)

\ Integratlon l
= ma;

l

Figure2.1: The central loop of an MD simulatioForces are computed based on the
particle configuration and the equations of motion are integrated using
these forcegproducing and new configuratioklillions to billions of
these iterations are required to produce némmicrosecond trajectories.

Interactions between particlage divided between intramolecular and
intermolecularlntramolecular interactions are responsible for maintaining realistic
molecular structure and providing rotational and vibrational internal degrees of
freedom.Intermolectar interactions include electrostatic and van der Waals

interactions. Atomsvithin molecules have partial charges which reflect their average
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electronic structure in the molecule, but no further attempt is made to model electronic
degree®f freedom. In the most widely used MD models,ititermolecular

interactions are assumed to be pairvadditive.Particle definitions andeir

interactions are defined using a set of parameterized potential energy functions,
coll ectivelry ecdliled dd oPopmdar firda feeldsnhavd leeén.
developed at various levels of granularityclude those which include every atom in

the systeni51]i [53], those which use coargeain interaction sitegl8], [54], and

those in betweefb5].

As a practical matter, tractable MD simulations of meaningful duration are
limited to p mparticles, often much fewer on modest computing resources. Despite
steady andmpressive growth in simulation scaleer time[34], [35], [42], [43] these
still represent faly small systemgp 1matoms comprise a 100 nm cube of water).
Consequentlypur MD simulations cannot properly model bulk systems unless
periodic boundary condition®BC)are employedseeFig 2.2). Using PBC
eliminates boundary effects from unphysical surfatdbe edges of the simulation
box in exchange for finite size effects imparted throughisgdfactions with periodic
images. In many contexts, this can be ameliorated through the use of larger simulation
sizesHowever, sce geriodic boundary conditianbreak rotational symmetrigtal
angular momentum is not generally consernvelllD simulations.

Rigorous integration results in MD trajectories which sample configurations
from themicrocanonical (NVEEnsembleSimulation of éher ensembleis possible
throughtemperatureoupling (NVT)[56]i [60] or pressure coupling (NPT57], [61]i
[65]. These coupling methods are particularly useful for relaxing systeenstéte of

equilibriumprior tolongerii p r o d usinulationaCarefulconsideratiorshould be
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appliedwhenselectng a coupling algorithnto ensure thequilibriumfluctuations
generatehe correct ensembland produce a trajectory whichtisfesergodicity[60],
[66], [67].

When used properlyID simulations can be used afa& o mpooal at i
microscope [68] to calculate quantitative dynamics of complex biological systems
and tounderstandheir qualitativemolecular behavioon length and time scales that
are inaccessibl® experimentPopular MD software packages include GROMACS
[47], NAMD [69], CHARMM [70], LAMMPS [71], and other$§72], [73]. This work

was performed exclusively in the context of GROMAGS0.1
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Figure2.2: Periodic boundary conditionkustratedin two dimensions with an
exaggerated membrane undulation. The central cell (in color) contains
the real system which interactions with an infinite lattice of periodic
images (greyscale). Particles which exit one side of the periodic box
emerge on theppositeside.
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2.2 Integrators
At the heart of every molecular dynamics simulation is a simheerical

integrationofN e wt on 6 s (withi® r&da) | aw

Q . -
a5P gy

for each particlgjiventheset of initial positionsg 1 and velocitieso 1T . Forces are
assumed tdepend only ortheinstantaneouparticle positions® "8 hb hp 8
Many techniques have been developed for solving this type of initial value problem
based on finite differencgS0], [74]. Since the most computationally expensive part
of any MD code is the calculation of forces are limitedto integrators which only
require a single force computation per step. This restricti@sout thepopular
RungeKutta methodalong withvarious iterativepredictorcorrectormethodq74]
(e.g. Geaf75)).

The simplest integratonvolving asingle force evaluation isi¢ Euler method,

invented in 176®ased on the forward difference in position

30
) b 30 §39)

with the subscripts denoting the timestépe forward differencés analogous t@a
Taylor expansion ab 0 in time. Despite its simplicity, this method is not used in
molecular dynamics due toserious problemit does not conserve energyhich can
be inferred from the fact that it breaks timeversal symmetry.

In order to conservenergy, integrators used in MD programs must be
symplectic. That is, they must transform the generalized coordingitipsof the

systembés Hamiltoni an i nspage volaneGROMACE h a 't
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implements twaeequivalenintegrators whichulfill this requirementeap frog[76]
andvelocityVerlet[77]. To obtain them, we can add together the Taylor series for the

forward and backwarfinite differences

Q. 30 Q . 30 Q .

5] b 30— - —b U 30 &
’Q(LJ)D ¢ Qw ¢ Qw G
[5) 5] 3~b’Q‘ 30 O 5} 30 O [5) 30 &
Qe ¢ Qw ¢ W v S
‘ ‘ ‘ Q.
5} 2 (b 30 o) (bID q8p
Solving forbe  gives the Verlef78] integrator
[ ¢b b 30 ® &
. [5} [}
® D cap

This form is inconvenient for MD code becauseeguires storing three sets of
positions in ordeto computehe velocity at each stefphough this computation is
optional for integration, velocities aneeded to compuieportant scalaquantities
such as kinetic energy, temperature, and pressure.

Another problem is the loss of precision fréonceterm due tahe30 factor,
which may be smattompared to the position termisis desirable to reformulate the
Verlet integrator tde linear in3-0. This can be accomplished by solving for the
velocities between timesteps, called thestéfp or midpoint velocities. This yields the

leapfrogintegrator]76]
[5) P 30® CP 1

Which can be shown tequalthe Verlet integratoif we define
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o P p
This integrator is fast, easy to implement, accurate to-troldr, timereversible, and
memoryefficient. It is the default integrator GROMACS However, it does not
supply simultaneous values ferandw , with important consequences for the
mesacopic hydrodynamics model implemented in this work. Fortunately, there is an
equivalent, gnchronized form of leapfrognplemented byGROMACSwhichyields

b andb called thevelocity Verletintegrator{77]

\ . 30,
© y ® = 2] ¢ G
[2 b 30® o
30
® D ?"?2 P

Since these two integrators are equivalent, they will produce the same trajectory given
the same initial conditions.

Choosing an appropriate timestep is essential for stable integration. Though we
seek the longest feasible timesteps for computational efficiency, stable integration
requires the timestep to be smaller than the period of dswilleor the fastest degree
of motion in the simulation. This imposes a maximum timestep duration of about 2 fs
for all-atom simulations and 20 fs for coaig@in simulations like the Martini models

[48], [54] used in this work.

2.3 Temperature and Pressure Control
Accurate integration produces particle trajectories that conserve energy. These

MD simulations sample particle configurations from the microcanonicaE)NV
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ensemble. This is not always desirable. In some situations, we might rather simulate
systems at constant temperati¥er constant pressute. For example, one might be
interested in nowequilibrium simulations where driving forces or deformatiores a
applied, and work done on the system muslibsipatedas heat, or in situations

where dissipative forces are important. One might also be interested in fluctuation
dependent properties sampled from the canonical ensemble. On a practical basis,
enforcng a prescribed temperature over long simulations is often necessary to combat
the slow energy drift from accumulated numerical noise in the integration. Allowing
pressure and temperature to change is also useful for relaxing the initial configuration
of asystem to its equilibrium state. This section will discuss the various temperature

and pressure coupling schemes used throughout the rest of this work.

2.3.1 Temperature

The algorithm used for temperature control is calledibemostat There are
many ways taontrol temperature in a simulation. One aald orremove kinetic
energy by rescaling particle velocities, adjust the equations of motion to include
dissipation or coupling to a heat bath, or simply draw new velocities from a Maxwell
Boltzmann distributn at random.

Theinstantaneougemperature of system with degrees of freedom is

related to the kinetic energy of the constituent particles (indexed Wwjth

AR c® U

Y o — a v Qa0
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Since different parts af smulationmaybe coupled to independent heat baths, is
equal to threéimes the number of particles in teebsystem under consideratiess
the number of constraingsnong those particles.

The moststraightforwardwvay to adjust the temperature of a group is to rescale

all velocities by aglobal scaling factor. “Y

Y a U P X

The scaling factor required fopaescribed temperatuf® may befoundby dividing

this expressioly theinstantaneougemperature

A P a0 P Y
Y 0 Q = 0 Q
i & 0 & o @
~ - S:3
R &

The prescribed temperaturetisenmaintained byperiodicallyrecalculaing the
instantaneougemperature and resaaj all particle. This does not have to be done
after every timestep, as the average temperature drift per step is small. This approach
is perfectly valid in the thermodynamlimit but suffers from a importantdrawback
when usedor finite systems: it does not adrfliictuationsin the kinetic energywe
may improveuponthis by coupling the system to an external heat bath and allowing
the prescribed temperature to gradually change.

The weltknownBerendserthermostaf57] implements this coupling with a
first-order differential equation using a relaxation tile

g'Y YUY

Qo T & p
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It canbe recast into @elocity rescaling factor applied every timestep given by

0"Y
v P & ¢

I
o)
—|-| &

Since the equation is firstrder, the solution is neoscillatory and any deviation from
the prescribed temperature decay exponentially with time. Both propertiestinnak
thermostat ideally suited to initial equilibration (i.e. relaxati®mfortunately the
exponential decay excessively dampens thermal fluctuations; the resulting dynamics
do not sampldrom the canonicaénsemble.

TheBussiDonadio-Parrinello thernostat[60] (colloquially referred to as
ABussi-re oaaliewd i isan®BifiedBarénggen thermostat with
thermodynamicallgorrect kinetic energy fluctuatiomstroduced through Wiener

noise ternQ win the coupling equation

oYY Y'Y
QY ——Qo0 ¢ ﬁQw & o

Just like Berendsen, this equation is first order in time, decaying exponentially to the
prescribed temperature when the system is far from equilib@umra.satisfying
property of this thermosté that it has a conserved quantity analogous to total energy,
which is useful when error checking new code. This is the thermostat we use when
running STRD Martini simulations.

An alternative approadmaving its owrconserved quantity is tiéosa-Hoover
thermostaf58], [59]. Rather than rescaling the velocities, this thermastaples
particle dynamics to an external heat bath through the introduction of a damping term

in the particle equations of motion
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n
—b 0 =
’QOID UHD & T

WithT beinganewdimensionless degree of freedom associatedtivitheat bath
havingmomentumj. Q i s the fAmasso of the heat bat
the coupling (large Q corresponds to weak coupling). The momenfttime heat bath
is evolved in time according to
%) & v

We can write a Hamiltonian for this extended system including the heat bath degree of
freedom and identify a conserved quantity with it. In fdgs thermostat predater
rescale; it was the first widelysed thermostab correctly sample the microcanonical
ensemble while maintaining a conserved quanititywever, the origindNoséHoover
thermostat has problems with edigity; given infinite time, it will not exhaustively
sample phase space. This maybeviatedby recursively coupling multipl&losé
Hooverthermostats together in a ch§@®]. This is the thermostat usedthis wak
when running simulationsith the CHARMM force field

The Dry Martini force field uses tretochastic dynamicthermostat based on

the Langevin equation

’Q\ " \ T T~ N
ooP 0 b ¢ QYY, o & o
g of, o tO 1 19 & X

Where the damping constdntontrols the coupling strength and thdorce is a delta
correlated Gaussian process. This thermostat is both a thermostat and an integrator,
which may be used to mimic the effects of viscous drag and thermal noise of a solvent

for implicit-solvent models lik®©ry Martini. A major drawback ofe Langevin and
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other stochastic approaches for hydrodynamics problems is that they scramble the

velocity correlations responsible for hydrodynamic flg8].

2.3.2 Pressure
The algorithm used for pressure control is calledoiv®@stat The pressure in
a simulation may be controlled by coupling the size and shape of the simidak to

the instantaneous pressure tensor. When the pressure is greater than the prescribed

valueD , the box is allowed to gradually expafithe 3x3virial pressure tensar in
an MD simulation is defined to be the difference between the engrgyrte and

the virial tensofy , each defined as a sum over ati@

~ C .
v 5O h & Y
: P x
O E a »aw & w
P N
h c b a® B M

Whered denotes an outer product of two vecidrs 6 & 6 , and'® gives the
pairwise force between atoritandQ

Hence we may write the total expression for the pressure as

5 g) & & b b&D & p

This is just the instantaneous virial stress after a change in siga,pasitive stress is

expansive while a positive stress is compressive. The scalar pressure is given by

~

N (RN
0 (—540) C& C
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Pressure coupling can be performed uniformlgll dimensions using this
scalar pressure (isotropic coupling), independently for each axis using the full pressure
tensor (anisotropic coupling) or separately for the lateral (x and y) and normal (z) axes
using the pressure tensor (semiisotropic cogpli

In theBerendser{57] scheme, this idone by rescalinthe simulation box and
all particle coordinateBy a scaling matrix , calculated from &rst-order equation
based on the difference betweenitistantaneous and prescribed pressure tensor

1 00 B 0
‘ 1 f T o o

Wherg s the time between pressure coupling stépss the time constant of the
relaxation, anfl  the isothermal compressibility tensor. Like the Berendsen
thermostat, this barostat is particularly well suited to equilibration simulations because
it converges exponentially towatd. Otherbarostats should be used in situations
where pressure flucttians are important, such BarrinellcRahmari61], [62] or
MartynaTuckermanrTobiasKlein [63], [64]. Aside from equilibrium CHARMM
simulations, which used ParrinelRahman, Brendsemvas the only barostat used in

this work, as pressure coupling was predominantly used for relaxation purposes, with

Aproductiono simulations running in the

2.4 Interactions and the Force Field

MD simulations use classicaltemactionsto calculate forces between atoms.
Thesenteractions are classified as either bonded (intramoleaiagnbonded
(intermolecular) with the bonded interactions describoanformationabnd
vibrational degrees of freedoi@ince using classicatteractiongs anapproximaion,

their mathematicaform oftenfollows from a compromise between physical accuracy
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and computational efficiengyvith the task of reproducing relevant physical properties
being relegated to the force field parameterization.
Thetotal potential energy in a GROMACS simulatimay be written athe

sum ofsix majorcontributions

n o . A4

(2.34)

The first term is the pairwise sum of van der Waals interactions, modeled wéth 12
LennardJones potentials, and the second term is the pairwise sum of electrostatic
interactions. The next two terms quantify energetics for vibrational degrees of
freedom,starting with the energy cost of individual bond stretching irbthedsterm

and bending in thanglesterm. The fifthdihedralterm describes rotations about the
axis defined by a sequence of four covalently bonded atoms. The last term restrains
certainplanar bondinggeometries t@reserve molecular structure. For each sum, the

0 coefficients give the associated energy, while =eiroscripted quantities are

equilibrium values. Both are supplied as force field parameters.

2.4.1 Bonded Interactions
There ardourcommont ypes of HAbondedod i nteraction
dihedral, and improper. Some force fields incladéitional intramolecular

interactiongo imposefurtherrestraints on molecular structure. For example, the
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CHARMM force field includes aivtual harmonic bond between the ouf®i3) atoms

of a bonded triplet called the Urd@radley force.

I

/ .
. Dihedral _ Improper

o
..

Figure2.3: Types of bonded interactiomsth covalent bonds indicated by dashed
red lines. Greentamsfor dihedral and improper bondse ceplanar.

Fig. 2.3 illustrates the four boretl interaction termgom equation2.34.
Bonds between individual molecules are modeled as harmonic springs having an
equilibrium lengtht . The angle formed by a bonded triplet is also restrained using a
harmonic potential about the equilibrium bond argleThe dihedral (also called the
torsion) is defined as the angle between the planes formed by2tBeahd 23-4

triplets inFig. 2.3. Impropersare another form of dihedrals, defined in the same
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manner but used for bond geometries other thesions, usually to maintain planarity

of chemical groupgOne configuration is depicted ig. 2.3 which may be used to

enforce a specific 3D structure. Other configurations include the plane formed by three
atoms connected to a central atom (i.e. for one side of a tetrameter) or the plane
formed by hree consecutive atoms in a featom chain. The latter may be used to
enforce planarity for ring structures.

Due to the inherently quantum nature of thindednteractions, nonbonded
interactions are typically omitted among atoms connected over a s€nae or two
covalent bonds (called2 and 13 exclusions respectively)leglectinginteractions
among thirdnearest (¥4 exclusior) atoms is uncommon. However, a scaling fagor
oftenused to reduce the forces between such atoms. This featurd isyube

GROMOS and OPLS force fields.

2.4.2 Nonbonded Interactions

2.4.2.1 Van der Waals
The van der Waals (dispersion) and exchange repulsion foetesen atoms
andj in GROMACS areausuallymodeled with the welknown 126 LennardJones

interaction, given by

Yo T- — — &L

With the interaction parameters and, depending on the specific atdgpesof the

pairunder consideratiol.hese parameters maitherbe definedn a pairwise basis
for each pair of M atom types inla 0 interaction matrix (as in Martini), or

individually for each atom type (as in CHARMM). In the latter casmrabination
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rule is required tadetermine th@airwise parameters from the atistic parameters

givenatom tyesi andj. A commonlyused combination rule is

T & ¢

” - ” ” c&- X

ThelLennardJones potentias illustrated inFig. 2.4. The attractive part scales
asi , which has a physical interpretation as the dispersion force arisingtfeom
correlated motions of electrons in each molecule (sometimes described as coupling
between instantaneousoleculardipoles). The repulsive part scalesias for

computational efficiency, as this is simply the square of the attractive part

U/e

0.6 0.8 1 1.2 14 1.6 1.8 2

Figure2.4: The 612 Lennarddones potential in natural unjtsand-. The potential
iszero at, 1and the depth of the well is-.
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Since this is a shoerange interaction, enormous computational effivaty be
sparedby ignoring all interactions involving interparticle distances over a certain
cutoff length scalér . A naive implementation of the shagnge force computation
requires) U pairwise distance calculations to iterate over all particle pairs. When
cutoffs are employed, this can be improved t6 through the use afeighbor lists
peratom lists of all dier atoms within a certain distani¥e Y [78]. When using
these lists, each atom needs only consider interactions with particles from its neighbor
list. Since the number of gaclesin thisx 'Y  regionis independent of the total
system size, the time required for force evaluation becomes lineseliBie may
also be constructed in linear tinmea twostage process. First, all particles are binned
in a spatial cell grid with bins Y . Second, the neighbor list for each particle is
constructed from among the atoms of the 27 nearest bins (including its own home bin).
When using aeighbor list cutoff larger than the force cutoff, these hsay be
calculated infrequently, so long as partidiesn outside the neighbor listgion do
not diffuse intothe force cutoff radiuslhe required frequency of neighbor list updates

is thusdependent upotie choserthickness of the boundary region 'Y ‘Y.

2.4.2.2 Electrostatics
Charged particles (e,glissolved ions or atoms with partial charges) have
pairwise éectrostatic interactiangiven by the wetknownCoulomb potential
nn

%o | -
-1

&y

In contrast withthe Lennaredonegpotential, thiss along-rangednteraction.

Applying a cutoff leadto seriousartifacts[80]. Summing over all particles in a
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periodic system is prohibitively expensive unless an Ewald[8a&ims used,

decomposinghe ineraction intesshortrangeandlong-rangepartsaccording to

%o 1 %o i %o 1 C& w
% i AOWA &
%o 1 AQE r“n-n‘l ¢a p

With the parametér controlling the length scale of the decompositibime sum over
shortrangecontributionsnow rapidly convergedn reciprocal space, the lofignge

contribution is given by

x nn Q
0,
% Q ) TQA QD—TT & ¢

which also rapidly convergebsing this method, we may impose a cutoff in real
space and compute the lerange contribution in reciprocal spatising a short
cutoff in real spacgields0 0 scaling inreciprocal spaceThe optimal choice of
cutoff with this method is to equal the square root of the periodic box size, resulting in
O 0 7 scaling[82].
This procedurés further improved by computing the reciprocal contridt
on adiscretegrid using a fast Fourier transform, completéiny 1 10C time. This
method is called the particle mesh Ewald (PME) mefB8¢ Charges in the system
are distributed over grid points using an interpolation scheme and the resulting forces
are interpolated back afterward. This is the standard electrostatics method used in
GROMACS. A more dicient method based on multipole sustales with) 0

[84]1[86], but the prefactor is prohibitively large unless large systems are being
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simulakd.Detailed comparisorsmongthese and other methods are available in the

literature[87], [88].

2.5 Force Fields

The set of all atom types and their interactions in a MD simulation is called the
chemical AThecselectmn df thesd pdrameters involves an arcane and
arduouppr ocess ¢ al | e dwhitlprnaay iachodetqueantimzrechanicsn o
calculations and repeated MD simulations to tune the thermodynamic properties.
There are three common levels of modeling resoluaiiratom (AA) modelg52],
[53], [89], which account for every atom in the system; united atom (UA) m{ils
which combine certain hydrogen and carbon atantg (he hydrogens omethylene
bridges and terminal methyl groups); and coapsened (CG) models, which combine
groups of atoms inteffective interaction sitgfgl8], [54]. Fig. 2.5 illustrates the
difference in model resolution betweenaibm and coarsgrain force fields for a
DPPC lipid.

Treatment of the solvent is an important comgnt of the parameterization.
Many treatments exist for water molecules, from complex models including many
body interaction$90] to simple ones which treat each molecule as a single Lennard
Jones interaction site with extra sites for electrostfits The design and
parameterization of these water models for biophysical simulation is a rich field of
study in its ownight [92], [93]. Certain force fields designed for memmbe
simulations are parameterized without including water 48]l [94]i [96], opting
instead to incorporate the influence of solvation and hydrophobicity into thdipd
interactions. Thesclevamteocmadtdelds Aii mpdti wernt r

been to properly account for polarizability in the solvent (and epfabdel. Such
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efforts have been applied in the context ofaatim[97], [98] and coarsgrain[99]
force fields.Other work hasaken the opposite approacising additional computation

effort toincorporaé manybody effect4100], [101]

CHARMM36 Martini
DPPC ‘}{ DPPC

Figure2.5: A lipid represented in both aitom and coarsgrain force fields.

CHARMMS36 [51], [89], [102] [104] is the latest version of an @tomforce
field whichwasoriginally developed for the CHARMNF0] MD program.The
CHARMM lipid force field has been supported for many years. In that time, it has
beenthrough multiple revisionglL02], [103]and has seen the introductionpobteins
[89] andnucleic acid4102]. Excellent reviews are available in the literature
concerninghemeticulous parameterization proc¢$85] and the development of the

lipid force field[106]. TheCHARMM3G6 force field is fully compatible with the
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GROMACS simulation code. Proper integration of the vibrational modes esduiis
timesteps. The fastest of these are the hydrogen bond stretching modes. These are
often constrained to their equilibrium length when using CHARMM to permit 2 fs
timesteps. GROMACS8nplements these constraints in parallel using the LINCS
constraintalgorithm[107], [108]

The most popular coarggain forcefield idMartini [54], [109], [110] which
mays groupsof 3-4 heavyatomsto chemically distinctoarsegraininteraction sits,

i nfor mal | y .Thadolveatds mbdeledavithsadath of such beads, each
representindour water moleculesAn excellent review is available by the architects
of the force field111]. It consists bnearlytwodoenmo dul ar Abui |l di ng bl
characterized by thepolarity (e.g. polar, nonpolar, apolar, and charged) and
hydrogen bonding affinitgpr degree of polarity. A single interaction matrix defines all
interactions among these building blocks with parametatesreed largely though
calculations opartitioning free energig®r small organic compouna®nstructed

from them All -atom structures are convertedctmarsegrainstructures by mapping

the center of mass for a group of atoms singlebead. Bonded teractiongor the
coarsegrainstructureare determined by comparing distribution functions of these
beadgo those of the corresponding centers of mass fromatath simulatios.

Martini does not use longange electrostatics. The electrostatic potéigia
shifted to zero between 0 and AZind a relative dielectric constant of 15 is used for
screening. Interactions between the Martini beads are softer than taeomall
counterparts with fewer degrees of freed@enerally speakingeducing the frigbn
andsmoothing out the energy landscapéhis wayaccelerates the pace of the

simulation speeding up the kinetiedpermitting faster conformational changes.
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Identifying a globaltimg es cal i ng factor to obtain
the speedup factor is not consistamtongdifferent degrees of freedom within the
system[112]. A smoother energlandscape and slower vibrations atseans the
fastest timescale of the system is considerable slower than iratoralksimulation,
permitting the use of time steps from 20 to 40 fs.

Despite its simplicity, the Martini forcefield has baearedibly successful in
studies of membrane dynamidd 3], [114]and has even been extended to model
proteins[109].

Dry Matrtini [48] is a variant of Martinparametdazed for implicitsolvent
simulations The interaction levels have been adjusteehtsurethat astable bilayer
will sel-assembl@ven in the absence of solve@ther membrane properties such as
area per lipidarea compressibilitgnd tail ordeparameter are in agreement with
ordinary Martini. Oneadvantagef avoidinga full reparameterizatiors thatmany
lipids, and even some proteins, parameterized for Martini can often be used with Dry
Martini simply by rescaling interactionRemoval of thesolvent necessitates the
addition of a stochastic term to the integration in order to provide a source of friction
and thermal nois&his has the side effect of drastically reducing lipid-géfusion.

The difference between Martini and Dry Martini Bosmall membrane is illustrated in

Fig. 2.6.
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Martini Dry Martini

Figure2.6: A small membrane in Martini and Dry Martini. Removing the solvent
greatly reduceshe computational burdest force evaluation.

2.6 Standard GROMACS Parameters for Selected Force Fields
Default simulation parameters used in this work are giv@rables2.1to 2.3.

Unless otherwise indicatedssumehese parametefsr their relevant simations.

Table2.1: Standard parameters for Martmembranesimulations iInGROMACS.

Integration Velocity-Verlet withYo ¢ EO

Center of mass motion removed every timestep, treating
membrane and solvent separately

Long range forces calculated eyastep

NeighborLists | Group scheme, recalculatedery 10 timesteps;
Cutoff at 14A

Van der Waals | Potential shifted to zero over® A.

Electrostatics | Electrostatic potential shifted to zero ovet D A;
No longrange electrostatics;
Relative permittivity- pu
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Thermostat

Bussi velocity rescaling, treating water and lipids sepgrate
Y oc¢s T pb O

Barostat

Berendsen, semiisotropic coupling;
L PpAAD p®O
Compressibility o8t pmt AAO

Table2.2: Standargarameters for Dry Martini membrane simulations in
GROMACS.

Integration

Stochastic dynamiosith Yo ¢ EO
Center of mass motion removed every timestep
Long range forces calculated every step

Neighbor Lists

Group scheme, recalculated every 10 timesteps;
Cutoff at 14A

Van der Waals

Potential shifted to zero over®2 A.

Electrostatics

Electrostatic potential shifted to zero ovetDA;
No longrange electrostatics;
Relative permittivity- pu

Thermostat Provided by stochastic dynamics integrator
T 1DbO
Barostat Berendsen, semiisotropic coupling;

0 TAAD pPO
Compressibility o8t p m A A O(lateral, T for normal)

Table2.3: Standargarameters foEHARMM36 membraneimulations in
GROMACS.

Integration

Velocity-Verlet withYo ¢ £EO

Center of mass motion removed evéfptimestes, treating
membrane and solvent separately

Long range forces calculated every step

Neighbor Lists

Verlet scheme, recalculated evéafytimesteps;
Cutoff at 124
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Van der Waals

Force switchedo zero wer8-12 A

Electrostatics

PME used for longange electrostatics

Bonds All hydrogen bondgonstrainedvith LINCS algorithm
Thermostat Nosé-Hoover, treating water and lipids sepalyte

Y o¢e,1T pbBO
Barostat ParrinelleRahmansemiisotopic coupling

0 pAAD uboO
compressibility t® pm AAO

2.7 Self-Diffusion Calculations

A brief aside is necessary to explain hiaweralself-diffusion coefficients of

lipids or membran@ssociated proteins are calculated from MD simulatidbhese

calculations involve a relatively simple analysis of MD trajectorlés diffusion

coefficient for lateral diffusion may be calculated from the particle positisimg the

mean square displacement

bYor o6io t 10 O

In two dimensbns, this is related to the diffusion coefficierd

- .0y
10 | E—IT—OL

& o

a1

In practice, this means that we can comput&y’Cf from the particle trajectories,

averaged over all particles andlaly timepairs, and obtai® from a linear fit of

0 YO vst. Beforedoingthisite trajectories must be

periodic boundary hopping must be remaved

Multiple fits are necessary for error estimation. This may be done by running

several simulations in parallor running a single long simulation and breaking the

trajectory into segments. These are only equivalent ifdécgy holds for the process

being studied. The fit should only be taken over the linear region"gior . In some
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membrane simulationgepending on resolution and lipid composition, a subdiffusive
regime may be observed at short time scales, which should be omitted when

computing longtime diffusion constantgd 15].

25
20

0 50 100 150 200
Lag Time (ns)
Figure2.7: Example MSD fits from a single 2 us membrane simulation broken into
ten separate 200 ns strajectories with independent fits to each. The

blue lines indicat¢helinear fits along with the region of tliataover
which the fits were performed.
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Chapter 3
MEMBRANE HYDRODYNAMICS

3.1 Introduction

Under physiological conditions, the plasma membrane is a-g§lagiscous
fluid composed mainly of lipids and proteins. The flow fields of this fluid and the
resultant protein transpt are confined to a 2D surface. However, these flows
exchange momentum with the surrounding solvent, coupling the slow lateral flows of
lipids in the membrane to much faster flows in the lower viscosity, bulk 3D solvent.
Hydrodynamic interactions betweproteins are mediated by both fluids, leading to
an interesting interplay at different length scales. This is especially relevant in periodic
systems (such as MD simulations) where ldigjance interactions lead to self
interaction through the periodimage lattice.

This chapter will introduce and briefly discuss the hydrodynamic theory
relevant to membranes and computer simulations of membranes. We start with general
fluid mechanics and see how certain conservation laws produce the-Stkes
equatim. Then wedll take a closer | ook at the
number hydrodynamics that apply over the length scales of proteins and cells. We will
see how the membrane geometry leads to a hybrid of 2D and 3D hydrodynamics and
consider thempact of periodic boundary conditions on protein diffusion.

For additional information, margxcellent resources exist on fluid dynamics
[116], low Reynolds number hydrodynamidd.7], [118], and membrane
hydrodynamic$119], [120]
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Table3.1: Symbols usethroughout this chapter

For a general fluid:
® Fluid velocity field
0 Fluid pressure field
” Fluid density field
» Viscous stress tensor

— Fluid viscosity

For membrane hydrodynamics:
— Solvent viscosity
— Membrane surface viscosity
— Effective 3D membrane viscosity
Q Membrane thickness
W Membrananterleaflet friction

3.2 Navier-StokesHydrodynamics

Consider a homogenous, isothermal fluid. At tinere candefineits state
usingthree fields: the scalar densityiehd , the scalapressuré) B , and the
velocity vector® B0 . These threguantities completely characterize the statthef
fluid. We canuse them to find equations of motion that describe its state at some later
time dafor a particular set of boundary conditions. To derive those equations, we only

need to assume that the fluid locally conserves mass and momentum.

3.2.1 Conservation of Mass

Demanding that mass be conserved locally at every point in the fluid results in
a contnuity equation. Conservation requires that the chamgeass within an
arbitrary volumeis equal to the amount that flows through its surf@mnsider an

arbitrary volumeV enclosing a fluid of uniform density. The total change in mass
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within Vis given by the total mass flux® flowing through the volume's surfae
Defining € to be the normal vector pointirmyit ofthe volune, we may write
—. "Qw "®@ZX'QO0 oP
T o
Apply the divergence theorem to convert the surfatagral into a volume integral

o "Qw nJoQw og;

T ” L ’ i

—, "0 Qw m o

T o

Since this holds over an arbitrary volume, the integrands must be equal to one another.

This gives ughe continuity equation
T;
T O

In the special case of an incompressible fliidh uniform, fixed density, the

no"® o

continuity equation can be simplified

nNa T o)

3.2.2 Conservation of Momentum

Letds now assume that momentum is | ocal
fluid element is given by ®. Since this is a vector, the momentum flux through the
surface bounding this element must be writiea secondranktensorV. Local

conservation of moentum is satisfied by

r
o

This equation is sometimes callie Cauchy momentum equatiorit resembles the

"6 T o8p

eqguation we found for conservation of mass. The interesting physics are contained
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within the momentum flutensor. It can be split into two par@ne part arises from
advection; fluid with momenturhd being transported alortfe flow field which can

be written” 6 6 . The remaining part is called tR&uchy stress tenspdenoted

It contains catributions fromthe surface and volume forces acting on the fluid

element.
T_‘ 0 i 00 T (0154
3.2.3 The Stress Tensor

We can get a better understanding of the Cauchy stress tensor by integrating

over a volume and applyirtge divergence theorem

T_bo T 700 T odp
TT_b "0 QW T 700 Qw T1 Qw odn
o 0 Qw 00 ¢ Qo L € Qo o 1

The first surface integral is from the advective term. It simply integrates the

momentum carried through the surface. The second surface integral picks out the part

of L along the surface. Fonascous fluid we canrdecomposéhe stress tensor into
two contributions an isotropicstress§rom thescalarpressurd® and a shear stress
from viscosity.

L Ul . o p
This new tensoy is called theviscous stress tensolf we insert this expression into

our equatiorfor conservation of momentum, we find
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In vector notation, this reads
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—m—n

To further simplify, we need tanake some assumptions about the fluid and
how its viscous stress tensor is structured. Since viscous forces do not appear in
qguiescent fluids or in those under uniform flow, those forces must depend on velocity
gradiens. Newtonian fluidsassume a linear relationship betweenivatives of the
velocity and the resulting shear strefhe modulus is called the viscosity, which in
general is a rank tensor with 81 components, - T 0.

Fortunately, the 81 components of a Newtonian viscous stress tensor are not
independent. It can be shown that the stress tensor must be symmetric for angular
momentum to be conserved. This leaves only two possible combinations involving

first derivatives bthe velocity] ¢ T 6 and] T 0 .We can write the viscous

stress tensor with just two viscosity coefficients

. ., G . .
»  —TO6 TO0 9 T6 -1710 o X
—is called thedlynamic(or shear)viscosityand—aes called thesecond viscosityThe

extra term multiplying the dynamic viscosity has been added to cleanly separate
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isotropic contributions into the second viscosity only. This form ensures the stress
tensor will vanish under uniform flowd ®  G&, and under uniform rotation,

®bp B bwherel 6 16 n

3.2.4 The Navier-Stokes Equation

We are now ready to assemble the fluid equations of mttiarrive at the full
NavierStokes equationVe begin byinsertingour expression for thviscous stress
tensor into the Cauchy momentum equation derived earlier

, 10 . , . q , ,

_()OTO Tro T -To To 51T0 -171T0
I n general, the viscosity coefficients car
assume that they do not (i.e., that the fluid is homogeneous) and to bring them outside
the derivative.

To

T o

O-

. ~ . ., G . .
To Tro -1T1o0 TTo 5‘1TT0 -1 11T o0
The Kronecker deltas vanish, and we can revthie dummy indices ové®to run

over Qnstead

19 o1 1D —116 116 Sre —t16
0 o
19 o1 1D —tte 116 Ste —116
0 o
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The first and second viscosities in the last taray be combined ttorm thebulk
viscosityf — —j 0. We can also add a term for body forces to the RHS. This is

the NavierStokes equatiorwhich may be written in vector notation as
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In this form, it is clear that bulk viscosity is relevant only to compressible
fluids, sincelr b Ttfor an incompressible fluid. Bulk viscosity can be understood as
an internal friction that resists flow under uniform compression or expansion. Even in
compressible fluids, it is only relevant when dealing with rapid changes in volume.

Thus, for incompresble fluids

® .
” o ® @ no -N"od | 0P w

—a

Taken together with the continuity equation, this equation provides a general
theoretical description of Newtonian fluid mechanics. A proof that smooth solutions
exist for arbitrary boundargonditions is one of the great unsolved problems in
mathematical physics. The difficulty arises from the nonlinearity of the advective

term, which leads to turbulent behavior.

3.3 Low-Reynolds Number Hydrodynamics

Fluid dynamics on the length scale of cells, membranes, and proteins take on a
considerablysimpler form[121]. At this scag, the dissipative forces within the fluid
are much larger than theertial forcesIntuitively, this means that an object in motion
will stay in motiononly so long as a force is acting on it. When the force stbops,
objectimmediatelycomes to resiThis limit is called thecreeping flowor low

Reynolds numberegimeand isgoverned by the Stokeguation

N ® "o §2) o8& T
Not only is this equation lineahich means there is no turbulence, ibatiso lacks

explicit time dependencé€&lows are instantaneously driven by pressure gradients,
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bodyforces, and boundagonditions. Solutions do not depend on the history of the
fluid and are both unique and reversible.( ®yields @).

To seawhy the terms on the leftand side of th&lavierStokes equation
vanish in this limif we maynondimensionalizé by introducingreduced unit$or
distance i 70 andvelocity6  6X0. From these, we caronstructadditional
reduced units fortimé 6 0F0  andpressur@ae 0 — JU . Note that all
terms in the Navie6tokes equation have units of force/voluGathering the unit

scaling factors from each term, we find

O tée o -0 . . o8

- @D 3 -~ “0 ®@

) To U P
Dividing both sides by 0 gives an expression involving a dimensionless number

Y'Q " 0] called the Reynolds number

ol @2 : . L
YQT_() @2 23mee 20 ®@ O o0& ¢

Y& — o0& o

The Reynolds number characterizes the ratio of viscous forces to inertial
forces.The terms on the leftand side can be neglectied Y Q. p, leaving only the
Stokes equatio(o® jton the rightSince”j —e p& v p Tts/n? for awater at 30°C
the product) {must be much smaller than p 1 m?s to apply low Reynolds
number hydrodynamics. Thus, the Stokes equation is relevant to both microscopic
volumesof water moving at appreciable flow ratsd slowmovingflows of far more
viscous macroscopic fluid$he latter casélustrates whythelow Reynoldsnumber

limit is sometimes called the creeping flow limit.
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Sincethe Stokes equatian a linear differential equation, we can find the
velocity field resulting from an arbitrary force distributmitha Gr een 6 s

1 b which satisfies
@b 1 b et Db’ ox 1
There are several methods for calculatimg Greed s f uusirgta painnhforce

sourcg122] such that
Ve O b og; v
@b 1 PtO og; @
The methoduggested b¥apryanovandTabakovg123] is particularly illuminating

and relevant to systems with periodic boundary @as. It begirs by eliminaing

the velocity fieldby taking the divergence @&quationo&® 1t

-1 ® 10 nOY b o0& X
M N3 "o VO b og Y
no o b 0% w

Recall thatt Ob Ttfor anincompressile fluid. We can solve for the pressure in

reciprocal space by takingsaatial Fourier transform

Q0 ® @00 o0& T
v - §(00}2)
L @ o (o739 00)

Returning to the Stokes equation, \aketthe spatiaFouriertransform and substiteit

theexpression fob @ to find the velocity field in reciprocal space

N ® "0 B) 0% ¢

46

functi



Qo ™ Bl R2) 08 0
. P o . Q0D
b Ly 2oy o8
® o) o )

We maythen find® b or1 i with an inverse transform:

N @ e W |
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This can be expressed in real spacebsuming the velocity field vanishesia® H

to obtain the welknown Oseen tensofl117], [118], [124]

LI ot
- T v

The Oseen tensds the spatial response function connecting forces acting om a lo

1T b

Reynolds number fluid and the flow fields that result from them.gi hedependence
leads to longanged interactions between bodies suspended in theThaede long
range interactions are problematic in molecular dynamics simulations due to necessity
of using periodic boundary conditiofie25].
The modified Greenébés function applicabl
Equationo® x Weneed onlychange the integral to a Fourier series ranging over all

nonzero box vector® & 0 hx “j0 ABjO O

" K32
1 5} E, Q th’.,i
w ) -Q
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This differs from the infinitesystem casby cutting off the small wavenumber, and
hence long wavelength, modes. To understand the consequences of this, consider a
point force at the origidirected along the-axis
Vb | 1O o T

The resuling velocity fieldfor the infinite case is

® b i LOHU IlB o8 p

gYo—1 l

Note that this equation radially symmetric about theaxis The direction of the
velocity field is always oriented in the sense of the applied force, ttmattigu 1 for
all . Consequently, streamlines for the flow field move in the direction of the applied
point force and never circulate back arovfide uniform field dominasasi © H

and its magnitude decays@s . Sreamlinedor this fieldareplotted inFig. 3.1.
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Figure3.1: Streamlines for the velocity field resulting from a point force at the origin
of an infinite 3D fluid. The velocity field is radially symmetric about the
z-axis, but the greamlines never recirculat€ickmarks are not displayed
because these streamlines are identical at all length scales (although the
magnitudedoes fall off).

The velocity fieldresulting from a point forces strikingly differentfor the
periodic casésee Fig. 3.2). To satisfy the periodic boundary conditions, the fluid
recirculatsin a toroidal flow pattern with streamlinelse to the -axis resemblig

those in the infinite cas@his recirculating vorteypattern appeais the sameavay for
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periodic boxes of any size. The way it scales with the periodic box suggests it arises

from the cutoff length imposed by tke&e of theperiodicbox.

///\\

N \\/

Figure3.2: Streamlinegor the velocity field resulting from a point force at the origin
of a 3D fluid in a periodic boxTickmarks are not displayed because
these streamlines are identical at all length scales.

Should we expect fluid flows in molelem dynamics simulations tollow

predictions from low Reynolds numbleydradynamics theoryThe theoretical flow

50



fields arederived fromcontinuum model operating at length scales much larger than
individual fluid moleculesEven an infinitesimal fluigharcel is assumed to contain a
molecular multitudeln contrast, even largaoleculardynamics simulations contain
only a few million molecules. Ongay to check the applicability of low Reynolds
number hydrodynamics theory to MD simulation is to add adst@oint force to the
center of the periodic box and check whether the-aneragedsteadystate response
follows the flow field predicted by the periodic Oseen tenEquétiono®

To test this proposition, 30 nm cubic boxontaining roughlyl67,000Martini
water beadsvasprepared and equilibrated to 1 bar pressi@23 K usingtandard
Martini MD parametersThe point force was crudely represented by a constant force
appliedat every timestepo all particles within @pherical volume atenterof the
simulation box The position and velocity for each particle were recorded every 10 ps
for 200 ns (20,000 frans¢ The average velocity field for each frame wakulated
on a discretized spatial grid of 25 x 25 points, with the velocity at each point
determined by &aussiarweighted average of the nearest particle velocitszsg

their distance to each drpoint™® The weights were selectedcording to

0 A@Db

P
: u

Yot
with standard deviation equal to the average distance between grid¥Youitsded
by 4. A cutoff distance equal t¥'Qwas imposed, with no particles contrilng to the
average for each point from beyond the cufbliffe grids for each frame were
averaged together for all 20,000 frames.

Streamlines for the resulting velocity fields are depictdeigs. 3.3 and3.4,

demonstrating the necessity of a relatively strong pontefto cleanly resolve the
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flow field. The clean agreement with theory suggests low Reynolds number

hydrodynamic theory is an adequate description of the fluid dynamics in MD

A

@,

15 20 25

simulation.

151

10

X

Figure3.3: Streamlines for the average flow produced 32 ® kJ/(molnm) point
forceapplied every 20 fs to all particles witranspherical regioatthe
centerof the simulation box with r = 1.0 nrithe fluid consists of
Martini water beads. The flow pattern closely matdhestheory fotow
Reynolds number fluids.
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Figure3.4: Streamlines for the average flow produced by0akd/(motnm) point
force appliecevery 20 f4o0 all particleswithin a spherical regioatthe
centerof the simulation box with r = 1.0 nithe fluid conssts of
Martini water beasl. Using a weaker point force results in a much nosier
flow field.
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3.4 Quasi2D Membrane Hydrodynamics

Suppose we want to solve for the mobility of a protein embedded in a
membraneAt physiological temperature)e membranean be teated as a 2D
viscous fluid This requires solving for th@ragforce exerted bythefluid asit moves

through the fluidIf it were a spheref radiuscmoving inan unbounde@D fluid at
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rest far away from the sphetéis problem has a simphell-knownsolution
obtained by solving the Stokes equafibh7]

0 ¢ -0ww
where"Ois the viscous drag force exerted by the fluid when the body moves through it
with constant velocityb. However, therés no analogous solution for a disk moving in
an unbounded 2D fluidrhis is thefiStokesparadox.

We can see the problem with dimemsl analysisin three dimensionghe

fluid exerts a force on the sphere, butvilo dimensionst exerts a force per unit
length.The only parameters of the model are the radius and velocity of the disk and
the viscosity of the fluidThe only combination ahese parameters that yields a force
per unit length is- (owhichdoes not involve radiugn such a scenario,disk of
vanishing size will feel the same force/length as a large one, clearly nonsSeoder
length scal@) is needed to resolve the paradthwe restrict our attention to 2D fluids
of finite extent, this nedength scalarises from theystem siz€as essentially a

cutoff length) A 2D Oseen tensor can be written with this apprqadB], [126]

‘ P ol 22
1 b —-— 113z \ — o o
" — 0 i
Notice thaiit scales with Ti rather tharpj i, divergingasi © Hb. In an unbounded
fluid, this divergence is the source of the Stokes paradox.

To see how this comes about, consider how the 2D Oseen tensor differs from
the 3D caseThe derivation in 2D closely follosvthe 3D case outlined above, arriving
at an identical expression involving 2D vectors and a 2D Fourier transform. The
problem arises when we try to integrate this expression

(0]2)] 0
¢ -Q Q
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This differs from the 3D case due to the incomplete cancellatiph@fyielding an
integral that diverges for smal This arises from the 2D Fourier transform being a
surface integral ther than a volummtegral. The divergence can be avoided by
setting a finitdower limit of theintegral i.e. imposing a cutoff length.

In the case of the cell membrane, the Stokes paradox is avoided because flows
in the plane couple to the surroundimgk solvent in 3D. This was first recognized by
Saffman and Dellick (SD)[7], who considered a membrane protesraacylinder of
radius@spanning an infinite uniform membrane of thickn€snd surface viscosity
— . Flows in the membrane are coupled to an infinite bulk fluid surrounding the
membrane with viscosity through stick boundary conditions (déig. 3.5). These
boundary conditions constrain the lateral velocity fields to be equal at the interface.
Lateral flows in the membrane remain 2D, bt solvent mediates additional leng
distance interactions which impart some characteristics of 3D hydrodynamics on
longer length scales. For this reason, SD hydrodynamics are callec2fuasi

Solving the Stokeso6 equat i-knowntengar t hi s ¢

p 2
| = o v

L R T @)

Featuringa new length scale called the Saffria@lbrick length defined as

— o
= ®

With — being the surface viscosity of the membratial toits effective 3D

viscosity— multiplied by'Qand— being the viscosity of the solvefitor typical
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membraneghis lengthranges from 10a0000nm depending on lipid composition
much larger than the radii of typical protein transmembrane donNots.the

~

denominatoof equationo& wan also be writes Q  ¢— Q

2a
4—» nW

Nm

Nw

Figure35: SaffmanDelbriick theorymodels groteinasa cylinder of radiugo
spanning a uniform membrane of thickn&3nd viscosity- . The
infinite solvent surrounding the membrane has viscesitand is
coupled to the membrane with stick boundary conditions.

We can gather physical intuition for 2D hydrodynamics by considering
limiting cases of equatioo@ ukeeping in mind that it is a 2D tensor). First, consider
the™QL 0 case: the firstarm in the denominator vanishes and the expression
scales as— 'Q . This is the 2D transform @f i, indicating that longvavelength
interactions are mediated by the solvent and have a simifartfothe 3D Oseen
tensor. Second, consider f 0 case: now the second term in the denominator

vanishes and the response scales-a{) . The shorwavelength interactions occur
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through the membrane. Just like the simple 2D fluid, this form diverge® aa
when we take the Fourier transform. Howewence we are considering the limit of
o 0 , we may naturally interprét as a cutoff length similar to the one
employed in equation@ oThus, equatiood@ uells us that quasiD membrane
hydrodynamics behave as a 2D fluid ovistahces smaller than (due to the
membrane) and as a 3D fluid over distances longerithadue to the solvent).

For proteins with raditoL 0 , SaffmanrDelbriick theoryallows us to

calculate aself-diffusion coefficient

QY . e
1Y o o8 X

9 —
Where is theEuleii Mascheroni constantt@® X x ano'Q "Yis the thermal energy.
Interestingly,SD theorypredicts thatateralprotein mobility is only weakly dependent

ont he size of the pr otsedlingadsipjtirraherhantenbr ane
p] wscalingfound in bulk diffusion SD theoryhas been successfully employed to

interpret experimental diffusion measurements of both profgy and lipid

domaing128]. However, thers have foundpj cddependencfl29] which may be

explainedby localmembranaleformations imposed by the peot[130]. Such

deformations scale the local membrane viscositgjliy recovering SD theory.

3.5 Periodic Membrane Hydrodynamics

Since its initial publication in 197F], SD theory has been extended to account
for larger protein$31], to situations where the membrane is supported above a rigid
surfaceg[131], [132]or pinned with immobile inclusiond 33], and others. Of
particdar interest taVID simulationis therecentwork by Camley et a[44], [46]

which extend SD theory to systems with periodic boundaries, tepagddic
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Saffman-Delbriick (PSD) theoryThis theory predicts a significant finite size effect

on diffusion coefficients calculated from simulation due toitberplay between the
longrange nature of SD hydrodynamic interactions and the length scale cutoff
imposed by the boundary conditions. Subsequent simulations investigating this finite
size effect have supported this thepty].

PSD theoryconsiders a periodic membrane patch of laterallse#&rounded
by a solvenof depthH (seeFig. 3.6, note that refers to the distance from the
solventmembrane interface to the periodic boundary, not the distanceofiem
interface to the nextThis theorydiffers from the infinitecaseby (1) requiringsolvent
flows to matchalongthe vertical bound@satd mandd "Oand (2) changing the
Fourier transfornwhich convertsl "® to real spacéto a Fourier series Wi the
smallestk vector corresponding to the cutoff length imposed by the boxX_sizbe
resulting response tensorreciprocal spacis remarkably similar to the infinite case

(equationo& Y with the only difference found in the solvent term of the denominator

1 k) P \ * o
@ o WATEO | B v

An interesting consequence of thiference arises ithe limit"OL 0, where
OATTEO "Q'@nd the denominator becom®s @  ¢O- . The system is
reduced ta 2D fluid with an effective viscosity given by the sum of membrane and

solvent surface viscosities.
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Figure3.6: A simulation snapshot with dimensions of theipdic cell referenced by
Periodic SaffmatDelbriick theory (solvent particles omitted for clarity).

Once again, we can gather some physical insmbthis tensor by plotting the
streamlines resulting from a point fordgds. 3.7-3.9). As in the 3D case,
recirculating flows emerge when periodic boundaries are. Wdike the 3D case, the
infinite-size PSD tensor is expressed as an integral oveDallavevectors. h
practice, this requires numegidntegration over a finite range kf andky values.
Properly plotting thed b far-field requires sufficient resolution and range for the
integration. Incomplete integration will cause the appearance of recirculatiegts,

demonstrating how the cutoff of lofvgavelength modes in the periodic boundary case
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causes the formation of recirculating flows, with the cutoff length dictating their

characteristic size.

Figure3.7. Streamlinegor the 2D velocity fieldesulting from a point force at the
center of a 10 nm membrane in a periodic box based on periodic
SaffmanDelbriick theory. Tickmarks are not displayed because these
streamlines are identical at all length scales.
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Figure3.8: Streamlinegor the2D velocity field resulting from a point force at the
origin of a membrane in the infinfgze limit of periodic Saffman
Delbriick theory. The integration has sufficient resolution to model the

far-field flows.
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Figure3.9: Streamlinedor the 2D \elocity field resulting from a point force at the
origin of a membrane in the infinfgze limit of periodic Saffman
Delbriick theory. The integration step has insufficient resolution, leading
to recirculating flows in the far field.
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Analytic solutiondfor protein mobility based on equatiog& dusing neslip
boundary conditionare unknown and certainly complicated if they eX8e can find
an approximate solutionybmodelingthe protein as a fluid regiom the membrane
using the fAi mmer 4184] [1B5pApmlyihgaGuussamedrck o d 0
distribution, we can compute the mobility and use the Einstein relation to find the self
diffusion coefficient

QY p o O

0 S i — Aob

D -0 o« OATEO o8&

With the parametdr 1@ ¢ Y Tused to approximate results from the Hughes
PailthorpeWhite [31] (HPW) extension to larger protein radiihe expression for an

infinite system can be obtained by taking the limit of infinite L and H

QY 00 0 Ko, )
0 = -AdDb
C ¢ - Q ¢ Q& G

The authors also derive arpression for diffusion of a hatiylinder, i.e. an

o T

object spanning only one leaflet of the membrane

~
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Which now includes a second paramebealled the interleaflet friction. For two
leaflets gradually and continuously sliding past one another, this relates the friction
force on the leaflets to their relative velocity

"O WU o) ¢
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The finte-size error predicted from this theory is plottedrig. 3.10.
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Figure3.10: Finite-sizepercenterrorfor diffusion in periodic membraneshe yellow
box indicates the range of system sizes typically accessible for coarse
grain simulations.

The ratio ofperiodic (equatiom&@ Quand infinite (equatiow® Jtexpressions
for selfdiffusion can be used to compute a correction factor which can be applied to
diffusion calculations from simulation to correct for the finite size effect and compare
directly compare with experimental results. This requires a priori knowledge of the
membrane suace viscosity for the lipid and force field used in the simulafion
which few results have been reported in the literature. This situation is rectified in

Chapter7.
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Chapter 4

MULTI -PARTICLE COLLISION DYNAMICS

4.1 Introduction

Multi-particle collision (MPC) dynamics are a class of efficient, parbeleed
mesoscopic hydrodynamic simulation methfld6]i [139]. The fluid flow field is
modeled withtracer particles whicbo not havenutualpairwise interactions. Instead,
the transfer of mmentum through collisions between MPC particles is cegira@ed
into collectivecollision eventswhereby all MPC particles in a local region exchange
momentum simultaneously, modeling the cumulative outcome of many microscopic
inter-particle collisionsCollision events are designed to conserve mesoscopic
hydrodynamic flows through local conservatiorboth mass anchomentuni the
same conservation laws used to derive the N&tekes equations in Chapter 3.
Consequently, the mesoscopic flows modelgthie MPC patrticles reproduce Navier
Stokes hydrodynamics above a certain lersgtile

Since forces between MPC particles are not needsdn#thodis inherently
more efficient than either treating the solvent as an explicit molecular fluid or
employingdissipative particle dynamics (DP[40]. SinceMPC isparticlebased,
thermal fluctations within the fluid arise naturally arftettraceparticles cleanly
interface with existing MD code and analysis tools. Just like other MD patrticles, MPC
particles exist in continuous space with discretized thpproaches confined to a

discrete spadl lattice[141], [142]or those which rely on the explicit calculation of

65



hydrodynamic interaction tensamge considerably more complicated to implement in
an existing MD progranil43], [144]

The dynamics of MPC particles are divided into two alternating steps. Between
coll ective collisions, M PeCtoripsaby dimplg | e s fist r e
integrating their velocities. At fixed intervals in time, caltadlision stepscollision
events are performed. Collision events randomize the relative velocity of each MPC
particle with respect to the local flow velocity. At the caihn step, the simulation
volume is divided into a regular lattice of cubic cells catlellision cells MPC
particles within each cell participate in collective collisions together. The average
MPC patrticle velocity within each cell is regarded as theaseopic velocity of that
cell. The set of all cell velocity vectors forms the MPC fluid flow field, resolved on
length scaleslightly larger than theell size.

In addition to preserving the average velocity of each collision cell, the
collision stepmust also conserve mass and momentum within each collisico cell
reproduce NavieBtokes hydrodynamics. Aside from these constraints, there is
considerable freedom in how new velocities are chosen during the collisioSistep.
MPC collisions operaterothe celirelative velocities of MPC particles, we can write
thegeneralprescriptionfor computing new veloties® for particlei in aparticular
collision cellc with

U B @ P

b ® 0 &
where® is mean velocity of all MPC particles within cell Tilda accents denote cell
relative quantities and primes denote padtision quantities. fie transformation

mappingb © 0 may depend oboth relativepositions and velocities of all MPC
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particles in the cellThe only constraint on this operation is tha hew relative
velocitiesmust sum to zero in order to satisfy conservation of momertsm.
particular form is called theollision rule. Two widely used collision rules are MPC

Anderen (MPGA) [145] and stochastic rotation dynamics (SRD36].

4.2 Collision Rule Notation
The following notation will le used throughout the next twectiors, with
subscript ¢ denoting thé'cell and sbscript i denoting the"iparticlewithin a cell.

Tilda accents denote relative quantities and primes denoteglbston guantities.

0 number of particles in cell

® mean cell velocity

[5} mean cell position

) absolute particle velocity

[5} absolute particle position

0 relative particle velocity (relative t® )

19 relative particle position (relative )
) new particle velocity (after collision step)

0 new relative particle velocity (after collision step)

Cell mean vectoraredefined

. P . .
P +— b ® £ )
0 0
Relative particle vectoraredefined
ig b b L B @

67



4.3 Stochastic Rotation Dynamic{SRD)

4.3.1 Collision Rule
The gochastic rotation dynamie®llision rulechooses new velocities by
rotating the existing relative velocity vectarsby a fixed angl¢ about a randomly
chosen axis on the unit spheébe
B ® Yi U &
The rotation axis isampleduniformly from the unit sphere with a different axis
chosen for each cell. This collision rule conserves energy and momentum. It may be

expressed without a rotation matrix as

® ® 0 0 AIIO & 0 OFI 8
O O O 8
O O 0 18p

Axes are chosen independently for each collision cell at every collision step. All
colliding particles within a cell use the same axis. Since this collision step conserves
energy exactly, MPC dynamics using the Sedlision rule do not require a

thermostat. A thermostat can be applied, provided that it does not disrupt the

mesoscopic flow field it must only operate on the relative velociti£46].

4.3.2 Energy Conservation

An interesting well-known property of the SRD collision rule is thatatally
conserves the kinetic energy of MPC particléss can be shown by examining the
change in kinetic energy tfie MPC particleswithin a given celbefore and after a

collision takes place
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Summing each term independently, we immediately see that tr@ims cancednd

the dot product ithe cross tersimay be brought outside the sum
cdt O 0 cdt O V) T
The cross terms vanish becatise relativevelocitiessum to zerdby definition)

leaving only the sums over relative velocity squared

Cy . .

d—y‘o 0 0 T P p
These sum mustalso cancel since Y 0 and the length of each vector does
not change under rotatioHence, the change in kinetic energy is zéitwe reason this
works for SRD and not necessarily for other collision rules arises from this final step.

Other MPC collision ruledo not conserve energy if they change the length of the

relative velocity vecta, even though theyuststill sum to zero.

4.3.3 Parameters andTransport

The SRD caollision rule features five adjustabbdlision parameter$ four
general to MPC methods and one particular to SRD. Tipeeseneterarelisted in
Table 4.1. Only the collision angle is particular to SRDansport poperties of SRD
fluids are controlled by adjusting these simulation paraméténgn running MPC
fluid simuations, collisionparametershould be chosen that produeeasonablset

of dimensionless hydrodynamic numbarsl physical fluid propertig437].
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Table4.1: SRDcollision parameters.

Symbol | Description

a MPC particle mass

0 MPC particleger collision cell
@ Collision cell size

T Collisioninterval / frequency

SRD rotation angle

The simplicity of the SRD collision step admits analytic solutions for its
transport propertieas a function of the collision parameteBsth streaming and

collision steps contribute tihe sheaviscosity[138]

a0 ¥ ¥
- ) TEP S
s © b p ATIO 10
T p i P
; TQ"YT v0
ca 0 p Q ¢ ATO AT P T

Note the collision interval dependence: the streaming contribution dominates in the
larget (infrequent collision) regime, while the collision step contribution dominates
in the smallt (frequent collision) regime/arying these parameters within practical
limits, onecan access a range of viscosities spanning two orders of magnitude from
0.1 cP, to 0.7 cP (water at 310 K), to 10 cP (50% glycerol).

We may also find an expression foe self-diffusion coefficientas a function
of collision parameter§l47]. Interestingly, aly the streaming step contributéshas
the same expression fdt BIPC collision rules

o TQ"YJr o))
ca b p Q p ATO

p P v
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4.3.4 Hydrodynamic Cutoff Length

Thecutoff lengthfor SRD hydrodynamics has been identifiad the length at
whichthe time integral of transverselocity correlationamongSRD particlegoes
from anOseenlike dependence on wavenumBer—Q  to an asymptdat constant

[148]. It can be expressed using the dynamic viscosity

S 13 N0
This expression iplotted inFig. 4.1 as a function of the collision intervasing
typical STRD collision parameteri the frequent collision regimg ¢ 1 |
leading to a nearly constant cutoff length p& t8When collisions are infrequent,
the streaming contribution dominates ; the cutoff length grows &, scaling with

the mean free path of thPC particles

0 1 1 1 1 1
1 3 10 32 100 316 1000

T [ At
c

Figure4.1: The hydrodynamic cutoff lengflor an SRD fluidat 310 Kin units of
collision cell size as a function of the collision interval in units of MD
timestep.The SRD othercollision parameters amm=72amulJ = ,18 0 A
a=2.0nm,andN = 2.5 nm?.
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4.3.5 Momentum-Preserving Thermostat

Thermostat which operate on SRD patrticle velocities must be desigoied
disrupt the mesoscopic flow fietwy only modifying the relative velocitiedeaving the
mean velocity of the cell unchangé&dhe such thermostat has been developed using a
Monte-Carlo type procedure to randomly rescale the relative velocities in each cell at
the end of the SRD collision stgp46]. This thermostat does not alter SRD viscosity.
Within eachcell, ascaling factor S is chosen, with equal probability, to be either

p -orp - where U is an input parameter | es

random number is chos@m 1ip . If this number is less than the acceptance
probabilityry = min(1, A), the relative velocities of SRD particles in the cell are
rescaled by S. The parameter A depends on the number of particles in the thell
target temperaturey, and the relative kinetienergy of SRD particles in the cell

a Y p

0 Y Aob .
0 (%] o

b @ P X
4.4 AndersenCollisions

MPC-Andersen assigns new relative particle velocities by drawing random
componentso;  from a Gaussian distribution with a varianc&® "Y & . The new

relative velocities are adjusted to ensure they sum to zero by subtracting their average

\ , ) p \
B & by = o P Y

wherel is the number of padies in the collision cell. Since this collision rule
automaticallyapplies a Anderserthermostat to the fluid, simulations usimguvill
sample configurations from the canonical ensentiee againthe viscosity has an

analytic expression based on gimulation parameteffsom Table 4.1 [149]
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4.5 Angular Momentum Conservation
The collision step changes the angular momentum of each c&® byhich

may be expressed in terms of the-celative particle coordinates and velocities as

3 16 o g ao & ¢

ig a v U & O

This leads to change in the angular velocity of thexeall given by

dIp \ 3 \ ig & U U & T

Using the cel |l 6s \Indefinedrusing thé cetelatiepdrticlea t ensor

positionsi gwith

\l 5 a ig g \l \l a igig
\'q a ig 14 \ s \ s a igig
\l'q a ig ¥- \ s \q a igig
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Thus, the change in particle velocities due to the collision step has a component which
can be written
3D b 19 & U
The equation for the collision step may be rewritten with an extra term to cancel this
change in angular momentum:
® ® U 3JHp iF & ¢
This new form of the collision step conserves angular momentum within each

collision cel.

4.6 Grid Shifting
In its original formulation, the SRD algorithm did not respect Galilean
invariancedue to anisotropy introduced by the collision cell ¢ti60], [151] As
nearby particles regatedly collide with one another, they build up velocity
correlations that couple to the mesoscopic flow field. This oversight is corrected by
sampling different groups &fIPC particles at each collision stefypically
implemenedwith a random shift oftte collision cell lattice before each collision
using a uniform random shift of ¢j ¢ hij ¢ along each axisThis procedure is
generally not necessary when the MPC mean free path approaches or exceeds the size

of the collision cells.

4.7 Alternative Hydrodynamics Models

The computational fluid dynamics literature contains a rich spectrum of other
hydrodynamic solvers operating at various levels of abstraction; from pure continuum
methods which solve the Navi8tokes equations with finite differencedudy

atomi s t i c -sficel xvpDrsincolations at the most granular level of description.
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Each level of abstractiomvolvestradeoffs between computational efficiency &sd
realm of suitable applicationslesoscopidechniquesridge the gap between atomic
or molecular fluid simulation andontinuum NavieiStokes hydrodynamic&roadly,
these may be divided into those methods which model underlying dynamics through
tracer particlesissipative Particle Dynamigc#ulti-particle Collision Dynamics
Lattice-Boltzmanr), those which couple to an extermabmentuntfield (Fluctuating
Hydrodynamicsparticlein-meanfield) and those whickxplicitly calculateforces
from the hydrodynamic interaction tensoB®rpwnianandStokesian dynamigs

Early mesoscopic fluid snulationsused cellular automata to model fluid
particle dynamics on lattice In thelattice gas automa(@GA) method[152], [153],
tracer particls areconstrained to hopping between points on a discrete spatial,lattice
which interaction occurrinthroughdiscrete collision®nthelattice sitesParticle
occupancy on each site is binary in the lattice gas mettigiwaslater extendetby
modeling the site occupancy with particle distributions indktece Boltzmann
method[141], [154] [156]. This method is efficient, but has difficulty handling
complex boundary conditions or incorporating proper thermetifations (though the
latter may be including through additional noise tefb%5]).

Dissipativeparticledynamics(DPD) [140], [158], [159]is another popular
approach whicimodelsa fluid with coarsegrainedbeadssubject to conservative,
dissipative, and random forces. This is similar to a cegwaeed explicit solvent
coupled to a thermostaiith one crucial differencell three forces are designed to
conservenmomentumThis requires theiscous andandom forces to be pair

correlated among DPD particles. A major drawback to this approach is that it still
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requires pairwise distanoalculations among the constituent particles in order to
evaluate the forces between them.

Forces between solute particlagilute solution maye directly calculated
without modeling the flow fieldisingBrownian[160] or Stokesian dynamidd.61].
Methodsfrom this family model solute dynamics with the Langevin equation,
explicitly including hydrodynamic interaction forces through the calculation of many
body diffusion tensor<Lalculating the fulliffusion tensois computationally
prohibitive, as idepends o all particle positiong the system[162]. Thisoften
motivaesthe use of aimplified pair-wise approximation callethe RotnePrager
Yamakawa (RPYJ)ensor[163]i [165]. Full evaluation of tfs interaction tensostill
scalesas O(N), but is amenable to a decomposition into Laplace potentials which
may be calculated using the fast multiple metfi&®6]. Brownian dynamicéias been
usedto study theself-assembly of coarsgrainmembrane modeled with lipids each
consisting of a single head and tail b§bi3].

Other nethodsuse a continuum description of the solvent for hydrodynamics
For examplethefluctuatinghydrodynamicsapproactj167] couples solutedynamics
to acontinuumhydrodynamic field evolved on a discrete grid using finite element
methodsThis method has been implemented for implsdtvent coarsgrain models
in the LAMMPS MD software packad&68]. The marticle-in-meanfield or MD-SCF
methodtakes this approach a step furthrepresenting alhteractions in the
simulation with aselfconsistent mean field69]i [171] and mapping this back to
molecular dynamics through forces for time evolution

Among these, the MPC algorithm was seledtedseveral rasons: (1) Its

particlebased nature readily admits an implementation in existing MD software; (2) it
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inherently contains local fluctuations in density and temperature, which are relevant
on the length scales of interest; (3)asiy supports complicatdzbundary conditions

by various coupling methods; and (4) it efficiently scales to thousands of processors
and millions of solute particleMPC methods have been successfully applied to study
a wide variety of soft matter systems, including colloidal enspng137], [146]

polymer solution$172]i [174], seltpropelled solutes (i.e. model sperm clis)5],

[176], red blood cell$177], [178] and vesies[179]. In the literature, colloids are

often modeled with large spheres (relative to the collision cells) while membranes
(cells and vsicles) are represented with dynamically triangulated me€lvegling

these systems tdPC fluidsmay be accomplished through incorporating the solute
particles in the MPC collision stefis78], addingrepulsive forces between MPC
particles and solugd180], or explicitly modeling harespherecdlisions between

MPC patrticles and large soluparticles(typically colloids)[146].
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Chapter 5
STRD MARTINI IMPLEMENTATION

5.1 Introduction
There has been a growing appreciation in recent years for the importance of
hydrodynamic interactions in membrane dynarndés, [119], [143], [181], [182] At
the same time, the length and time seaecessible to simulation has begun to
converge with those accessible to experiment, particular in the study of lateral
diffusion[29], [183]. However, accurate modeling of hydrodynamic transport using
traditional molecular dynamics (i.e. with explicit solvent particles) is not feasible due
to the system sizes (and consequently number of particles) required by tharigag
nature of hydrodynamic interactions in the {&&ynolds number regime. Calculating
pairwise forces between the solvent particles demands an overwhelming majority of
the available computational resources at the requisite system sizes. This predicament
constitutes an unmet scientific need as novel algorithms and software implementations
are reuired for accurate and efficient modeling of hydrodynamic interactions at scale.
We have methat need by implementing the efficient MPC algorithm in the
popular opersource MD software package GROMACS v5 fa7], openirg the way
to further studies of membrane dynamics with proper accounting for hydrodynamic
interactions. Our MPC implementation is not specific to membrane simulation and
may be adapted to colloids, polymers, or any other molecular system which can be
modekd in GROMACS. Since our interest is focused upon membrane dynamics, and

lateral diffusion inparticular our first application fothe MPC-GROMACScode is to
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reintroduce hydrodynamic momentum transport to cegrag membranes modeled

with an implicitsdvent force field called Dry Martin48]. We call this combination
AStochastic Thermostatted ,keepingwithte Dy n a mi c
naming convention set forth by Martini and Dry Martini.

As discussdin sectiord.7, the literature contains a plethora of hydrodynamic
solvers coupled to collds, proteins, and continuum membraregormulating our
approach for STRD Martini, we selectBdy Martini as the membrane model because
it provides chemicallyesolved models of individual lipid species parametrized in the
absence of an explicit solveiithe MPC algorithm was chosas themesoscopic
hydrodynamics model due to its natlinteroperabilitywith existing GROMACS
code MPC dynamics are based upon particles moving though continuous space in
discrete timestepgsjust like other particles in a GROMACS simulation. As such,
GROMACS may treat MPC patrticles just as any other particle for the purposes of
integration, paralleliation, trajectory writing, analysis, and force calculation (when
desired). When combined with domain decomposit®FRD Martiniscales to
thousands of processors, providing accurate hydrodynavhitss runningat leastan
order of magnitude faster thanuigplent explicitsolvent simulations.

Using STRD Martini begins with addirgbath of MPC tracer particlésa
Dry Martini membranéillustrated inFig. 5.1). At runtime, their mutual pairwise
interactionsare disabled anceplaed with MPC collisions Collisions areperformed
after an integer number of timestepish usersupplied collision parameterglPC
streamingstepsarehandled by th&&ROMACS integrator. Thisnter-dependences
not an impedimenb either MD orMPC dynamicsastypical collisionintervals arean

order of magnitude longer than tht timestep
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Figure5.1: Depiction of Martini membrane and SRD solvent overlaid with 1 nm
SRD grid to illustrate collision cell size. Radius of SRD partidiess
notreflect their effective size in the repulsive coupling scheme.
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The collision cell grid is selected at the starthef simulation based on the
requested grid size input parameter. The simulation box must be spanned by an integer
number of collision cells in order to respect periodic boundary conditions. The number
of cells selected along each axis is the integer numbiEh most closely matches the
requested siz&ecauseltis isdeterminedndependently for each axis (GROMACS
boxes may be anisotropic) the final collision cells may be slightly anisotropic. This is
a minor issue which is only relevant in the limit ofal simulation sizes where the
number of collision cells along each axis is small. Once a collision cell grid is
selected, it does not dynamically resize. If pressure coupling is employed and the

simulationbox changes shape, collision cells deform adogiyl.
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Both SRD and MPEA collision rules are implemented for STRD Martiihe
thermostat described in sectiér8.5and angular momentum constraint from section
4.5 are also implemented. Two schemes for coupling the MPC fluid to the lipids are
available: one based on repulsive forces and another which incogliat@articles
into the collision step. In thattercaseusers may select which particles interact
through the collisions by specifying a GROMACS atom group. Despite its name,
STRD Matrtini is not specific tthe Martini force field With very little effort, itmay

be adapted to any implicit solvent force fiéddl GROMACSsimulations

5.2 Standard Simulation Parameters

MD simulationparameters for STRD Martini are largely inherited from Dry
Martini (seeTable 5.1). This is necessamaintain consistency wittine lipid force
field parameterizatiortHowever, here are three major differences betweersttef
parameters used for STR®artini and DryMatrtini.

First, thevelocity-Verlet integrator is used with STRD Matrtini in placettod
stochastic integratarsedwith Dry Martini. Velocity-Verlet is required to conserve
energy with MPC collisions (see sectidd). The stochastic integrator wasginally
selected for Dry Martini to provide a source of friction and thermal noise to the
membrang48]. Both functions are fulfilled by the MPC fluid in STRD Martini.

Second, STRD Martini simulations thermalize the membrane through
interactions with the solvent. No explicit thermostat is applied to the membran
Insteadthe MPC fluid temperature is maintained durithg MPC collisions by a
special momenturgonserving thermostatemperature couplinfpr Dry Martini is

provided by the stochastic integrator.
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Third, pressure coupling must be handled with gdren using STRD Matrtini.
Both the collision cell size and the MPC patrticle density are important parameters for
controlling MPC fluid properties. As such, STRD simulations should avoid significant
changes in volume. Fixed volungeencouragetbr all simulations afteequilibration.
Semiisotropic pressure coupling may be empldgedhterfacial systemsprovided
the vertical size of the box is held fixedths lateral siz@aries. In this case, coupling
the box size to surfagension igequired for theeancellation of isotropic pressure
contributions arising from the kinetic energy of streaming MPC patrticles. Pressure
coupling isa lesser concern in very large systems, as NVT and NPT ensembles with

the sameaverageressure become equivalent in the thastgmamic limit.

Table5.1: StandardMD parameters for STRD Martini simulationsG@ROMACS.

Integration Velocity-Verlet withYo ¢ EO
Center of mass motion removed every timestep, treating
membrane and solvent separately

Neighbor Lists | Groupscheme, recalculated every 10 timesteps;
Cutoff at 14A

Van der Waals | Potential shifted to zero over®2 A.

Electrostatics | Electrostatic potential shifted to zero ovetDA;
Relative permittivity- pu

Thermostat Collision cell thermostat for thielPC fluid, no thermostat for the
membrang
Y OpfRXY T T

Barostat Semiisotropic couplingnly, fixed size along Z axis;

(Production) Better to use fixed volume to keep MPC cell size fixed

Barostat Berendsen, semiisotropic couplirixed size along Z axis;
(Equilibration) |0 pAAD® p®PO
Compressibility o8t p 1 A A O(lateral), 0 (normal)
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Additional parameters controlling the MPC / SRD collision parameters are
listed inTable 5.2. Collision parameter selection is up to the user, though the mass of
MPC particles is fixed at 72 anivequivalent to the mass of Dry Martini beads.
Parametershouldbe selected in a systematic way, balantmgequirements for
achieving desirable characteristic hydrodynamic numbers, trarcspsdficients(e.g.
viscosity), hydrodynamic resolutigrand performance

When using the SRD collision ruleanticle densityshould be chosen such that
the number of particles per cell is between 3 anfl38]. This requirement imposes a
tradeoff between particle density and collision cell size. Another tradeoff involving the
particle densit comes about from performance considerati&T$RD Martini incurs
two major performancpenalties(1) interprocess communication can become
significant when short collision intervals are usaad(2) the addition of MPC
particles addsignificant bookkeeping requirementer GROMACS especially for
simulations with large MPC solvent batfidwus, better performance is available when
using loweMPC particledensity and longer collision intervaldowever, loth tend to
lower viscosity andgchmidt numbe(see sectios.5.3. The collision interval is also
key to obtaining shortdrydrodynamic cutoff leng) whichdepend orbothviscosity
andcollision interval Lowering the cutoff delivers hydrodynamic flows with finer
spatial resolutionThis cutoff can also be lowered by increasing particle density, but
this requiresmaller collision cells in@ampenston, tying back into requirements for
the average number pérticles per cell

A reasonable set of collision parameters that strikes a good balance between
these considerations = 2.5 nm?3, a= 2.0 nm,J = 200 fs, andJ= 18C. At 310 K,

these yield a viscosity of 0.63 cP, a cutoff length of 2.9 nm, andi§chaomber of
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1021 while attaininggood performancd-or the remainder of this document, these will
be referred to as treandard STRD collision parameterStarting from this set of
parameters, mor adjustments can be mageincipallyby tuningSRD collision angle
andcollision interval.

Table5.2: Additional GROMACS input file (mdp) parameters ®FRD Martini

General input parameters P C collisions:

mpctype Selected collision rule (off | srd | at | at+a)
mpc-grps Atom groups tanclude in collision step
mpcfreq How often to do collisions (# timesteps)
mpc-cellsize Desired collision cell size (nm)

Truesizeat runtimewill depend on periodic box size
mpcseed Seed for collision RNG-( for random seed)

Additional inputparameters fathe SRD collision rule:

srctangle Collision angle (degrees)

srd-tcouple Enable collision step thermostat (yes | no)
sratc-str Thermostat strength parameter
sratc-ref-t Thermostat reference temperatiifi(K)

Additional input

parameter®r collision cell dataoutput

mpcoutfreq How often to output cell data (# timesteps)

mpcoutsamp | How often to sample cell data for output averages (# timeste
mpcoutvel Write cell velocities to binary output filges | no)

mpc-outnum Write cell occupancies to binary output file (yes | no)
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5.3 MPC-Membrane Coupling Methods

Since the Dry Martini lipid model Isdbeen parameterized in the absence of
solvent, indirect lipidipid interactions mediated hyearbysolventparticlesare
incorporated into the lipipid interaction parameter$his parameterization can
includethermodynamieffects such as hydrophobicity, but not lenagmged
hydrodynamic interaction3.he object of STRD Martini is to restore hydrodynamic
momentum transport whileinimally perturting the thermodynamipropertiesof Dry
Martini membranes. Twmethods focouplingthe SRDfluid to Dry Martini lipids
were exploredFirst, therepulsivecoupling methodintroduces a pairwise force acting
betweerMPC particlesand lipid headgroups. This force useshort ranged, purely
repulsiveinteraction tceffectmomentum transfer with the membraBecondthe
collisional couplingmethod allows lipid headgroups participate inMPC collision

eventswith no otherinteractions between lipgdandMPC particles.

5.3.1 RepulsiveCoupling

Perhapshe simplest way to interface tB&Dfluid with Dry Martini is to
define apurely repulsive &n der Waals interaction betwel# C particles and lipid
beadsA suitable interation is providedoy therepulsiveWeeksChandlerAnderson
(WCA) potential[184], sometimes called the truncated Lenrdmdes potential. Is
simply aLennardJones potentidtuncated at its glad minimumi ¢!, and
shifted to zerdseeFig. 5.2).

~ . Yi -h i i
Y . Uf39)

This interaction has been previoussedin the MPC literatur¢185], [186]for

studies of spherical solute particles suspended in a bath of MPC particles. When
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applying this interaction to interfacial systems, one must be mindful obtineah

pressure exerteay the solvent.

2 I I 1 1 1 1
Lennard-Jones
Repulsive WCA
1 -
W
= or
Ak
-2 1 1 1 1 1 1
0.6 0.8 1 1.2 1.4 1.6 1.8 2

rlo

Figure5.2: LennardJones andepulsive WCA potentialin natural units.

For simplicity of implementation, we mimic\dCA potentialusinga shallow
well LennardJones potentiakithéi = 0. 8 0 n mkJ/mal dlotdthatthe0 . 0 0 1
WCA potential reduces to the LJ potential for i i n the | iifhst of sma
functional form yields an effective MPC particle radius comparable to the size of Dry
Matrtini lipid beads (se€ig. 5.3). Thechoice of parameters involves a delicate trade
off with the particle density in the interest of minimizing the normal pressure. If the
MPC particlesare too small, they penetrate the membrane and bexopigsically

trapped between the leaflets. Whea many congregate inside the membrane, their
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repulsive interactions drive the lipids apattimatelylysing he membraneHowever,
if theMPC particles are too large or too dense, the additional pressilne interface

drives the membrane into a gel phaden zero surface tensianenforced

8 I I I I
SRD-Lipid "WCA"
6 (Lv3) Semi-attractive |
(Lv8) Repulsive
4
©
E 2f
=
X
oD 0
2
4
| 1 1 1
0.4 0.5 0.6 0.7
r (nm)

Figure5.3: SRD-headgroupnteraction compared with tweamplevan der Waals
interactiontypesfrom the DryMartini force field.Level3i s t h-e fA s e mi
attractiveo piog enhe afir apul $iewed pot er

Membrane prturbations from the SRD fluid depend on the effective size of

the MPC particles, whichmay be regardedsthe radiusof their potential at a hafQ"Y

Y i %Q 1'% g

This expression depends on both LJ par amet
reach the same ef f e cTheieffeetiversiaechs aifenctionroe n 0O i s

LennardJones parameters is illustratedHig. 5.4, with the twelve solid points
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indicatingthe subsebf parametes considered during th8TRD repulsivecoupling
parameterization which did not either crash the simulation, nor drive the membrane
into the gel phase duririgus ofzero surface tensicequilibration.The same sample
parameter set igresentedn Fig. 5.5 showing the equilibrium area per lipid and
averagealensity of MPC particles trappé&etweerthe leaflets Numeric values for

area pelipid and membrane thickness are reporte@liahle 5.3 for each set of LJ
parametersThe SRD collision parameters used during this equilibration are largely
irrelevant, as the equilibrium membrane properties are overwhelmingly determined by

the selected LJ parameters of the MR€mbrane interaction.

10"

€ (kJ/mol)

Figure5.4: Contours showféective MPC radius  in nm as a function of

LennardJones parametets a nSalid tircles indicatparameter sets
shown inFig. 5.5.
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Table5.3: Equilibrium propertie®f POPC membranes for Dry Martini aBTRD
Martini with repulsive coupling at high SRD particle dengitylOnm3).
LennardJones parametemhich result in a gel phase membrane are not

included Thickness is measured from phosphate to phosjbleait

o

8 (nm) U (kJ/n APL (A2 Thickness (nm)
0.4 0.001 63.092 + 0.037 4.232 +0.026
0.5 0.001 62.434 £ 0.038 4.228 +0.025
0.6 0.001 59.896 + 0.039 4.303 £ 0.026
0.7 0.001 57.748 £ 0.040 4.399 + 0.028
0.8 0.001 56.458 + 0.045 4.465 + 0.031
0.4 0.01 62.873 £ 0.035 4.222 +0.025
0.5 0.01 60.063 = 0.039 4.295 + 0.027
0.6 0.01 57.585 + 0.039 4.406 + 0.027
0.7 0.01 55.927 £ 0.050 4.494 + 0.033
0.4 0.1 61.804 £ 0.041 4.232 £ 0.027
0.5 0.1 58.440 £ 0.042 4.362 + 0.029
0.6 0.1 56.458 + 0.046 4.464 + 0.032
Dry Matrtini (Reference) 63.766 + 0.039 4.210 + 0.027

From the results reported Trable 5.3 and illustrated irFig. 5.5, we see that
only those interaction parameters with the largest effective size prevent MPC particles
from unphysically infiltrating the membrane and becoming trapped. At the same time,
such Al argeo MPC particles conhcausédthet e an
membrane to contract by up to 10%ingseven larger MPC particles forsthe
membrane to gelt is worthremarkingthat this effect is rather counterintuitive. When

one imagines compressing a membrane, it is reasonable to expect latersioexpan
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rather than contraction with the total volume of the membrane remaining fixed. The
fact that our membranes contract consequence of tharostaenforcing the zero
surface tensiorin an MD simulation, surface tension is determined bglance of
normal (z) andateral(x-y) stressesia

- 8 8

r O 0 — V&
C

whered is thesizeof the simulatiorbox normal to the bilayer and is the pressure
tensor.Thus, to require zero surface tension is to require the lateral pressure to equal
the normal pressur&/hennormal pressures increased, the simulation box must
contract to induce a commensurate increase in the lateral pressure.

MPC particles contribut® boththe kineticenergyand virial terms of the
pressure tensoHowever, due to the isotropy of tMPC kinetic energycontribution
only the virial termcontributes to the surface téms. This termis dependent upon
boththe range of th&PC-lipid interaction &s we haveesn in Table 5.3) and the
density of theMPC patrticles, both of which may be controlled to minimizeribemal
pressue. The parameters selected the STRDrepulsionare those which yield the
smallest effective size while still preventing MPC particles from becoming trapped
within the membranéseeFig. 5.5). To further reduce the pressure and recover
sensible membrane properties, the MPC density must be decratiagdng water
like viscosity at such low density is challenging; we must use larger collisisraoce

shorter collision intervalsChis is explored further in sectidn3.3

5.3.2 Collisional Coupling
An alternative strategy for couplinige MPC fluid to Dry Marthi without

applying spurious normal pressure to the membrane is to simply include some lipid
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headgroup beads in the collision step.
scheme has been used in the literatustudythe dynamics opolymerchairs [173],
[187] and triangulatedneshs representing vesiclgd77], [178] Since the solute
particle masses are not necessaijya to the MPC particle mass, tmeancollision
cell velocities must be calculated using massghtedparticle velocitiego satisfy
conservation of momentum within each collision cell

Ba o

Bd

® L&
When using the collisional coupyy method, the total solvent and solute
masses within a collision cell should be of the same ¢i1@&]. If the total solvent
momentum significantly exceeds that of the solute, fluctuations from the MP&hso
become a source of friction for the solute, with the collision step effectively adding a
noise term (i.e. random force) to the solute equations of m&inoeMPC patrticles
in STRD Martini have the same mass as Dry Martini bealitwiting range ¢ seton
theacceptable MPC particle density, it shoaldobe of the same order as tipgd
headgrouplensitywithin the interfacial collision cell€Considera membrane with an
APL of 0.6 nn? coupled to STRD witl2 nm collision cellsThis corresponds$o an
average of ~6.7 lipid headgroups per interfacial collision cell. Requiring an equivalent
6.7 MPC particles per cell corresponds to an avelt®j€ density of 0.84 nm. This
sets a upper limit on acceptable denséyoundN = 2.5 nm?, which is ~0.5orders of
magnitude larger than a statesolventsolute massalance.
Using even larger cells is problematic in two respects (gdteasethe
resolution of themesoscopiclow field, degrading its ability to model hydrodynamic
interactions among nday lipidsand (2) itintroduces additional coupling among the

dynamics ohearby lipidghrough their mutual participation in the collision stépr
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2 nm collision cells, earest and secosntkarest neighbors will often be located in the
same collision dé Resolving the dynamics of individual lipids wouktjuire~0.5

nm collision cells, along withvery high SRD patrticle densitiés adequately fill the
cells (seriously degrading performaneagddrastically loweMMPC particlemass to
satisfy the momentu balance requiremers a compromisea=2 nm and\ = 2.5
nn3 areused as the standagdll size andiensity in STRD simulations.

Furthermore, without some form of repulsive interacgtMRC particles can
freely streanthroughthe membrane. This enhances coupling between the |emfiedts
tightly couples solvent flows oeither sideThis may be advantageous in the context
of the SaffmarDelbriick theory, where (1) the bilayer is modeled as a uniform slab
having no variation ints velocity profile along and (2) stick boundary conditions are
assumed, requiring the flow field of the membrane and solvent to exactly match at the
interface. Problems may arise when modeling other membrane properties, such as the
interleaflet friction is required. For longer collision intervalgrsity waves normal to
the membrane mayassthrough it This may be a problemhen he Mach number is
high enough, corresponding to a compressible fluid, or when parameters are chosen
which result in a gakke low Schmidt number.

Anotherimportant consequence of including lipid headgroups in the collision
step is a tight coupling of the lipid dynamics to the SRD collision parameters. To
demonstrate this, lipid setfiffusion coefficients were calculated fbve simulations
of 10 nm POPC membranesth different collision anglesThe other collision
parameters were held fixedMt 0.75nm?3, a= 2.0 nm,{J = 100 fs, andJ= 18Q
Eachsimulation vasrun at fixed volumé o r wih agedl thermostat applied to

MPC colliding particles only and no COM removwéth 2 fs timestep<Diffusion
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coefficients were found by breakiegchtrajectory into ten 200 ns segments and
calculating the MSD fosubtrajectory The reported uncertaintytise standard error
of these tercalculationsFrom theresults presented ifig. 5.6, it is clear thatipid
diffusion slows as the collision angle i€rrasedincludinglipid headgroupead in
MPC collisionsincreases the membrane surface viscdbityugh the introduction of

random noise forces
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Figure5.6: Selfdiffusion of POPC lipids il TRD Martiniusing collisional coupling
slowsas thecollision angle of the collisiors increasedThis data fits
well to a linear model with the horizontal axis expressed in either solvent
viscosity or collision angle. It does not comport with alfe model
givenbyd 61 T @@ .This resultreflecsthe fact that thigollision
angledependence does not arise from hydrodynamic considerai®ns
expressed by equatia@ xor o8 but through an additionalscous
friction imparted by the collision step.
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5.3.3 Equilibrium Comparison

Under zero surface tension, the area per [jpiL) of a conventional Dry
Martini simulation is 63.A2 8 this is he target foour STRD Martini simulations.

As we have seen, coupling MR@rticlesto the membrane with repulsive interactions
reducesthe areaperlijpi i n a manner dependent wupon the
size.The dependence on particle densityejgarted inTable 5.4 using the standard
repulsive interaction parameters 0.80 nm and)= 0.001 kJ/mol. Other collision
parameters ar@= 1.0 nmpt = 20 fsec,ld = 80 fs, andJ= 180°.APL is reducedrbm

the conventional Dry Martini result to 62.9 At a density of hm?®, a decrease of
aboutl.3% This is an acceptable deviatiatich leawesthe bilayer imafluid state.
Alternatively, one could perform simulations under constant surface tension of
approximately 10 dyne/crtr 100 bamm)to enforce the exact Dry Martini APL.

Higher particle densities significantly perturb the membrane properties when repulsive
coupling is employed.

Even closer agreement with the Dry Martini area per lipid is availaioés
thecollisional coupling method used, evenath e fAmaxi mumo densi ty |
simulations(= 2.5nm®). Membrane properties for this coupling scheme are also
reported inTable 5.4 using collision parametess= 2.0 nmpt = 20 fs,J = 200 fs,
andU= 180°.The collisionalcouplingmethod also does a better job at reproducing
the Dry Martini area compressibilitpodulus.

Equilibrium area per lipid is the lateral area at which surface tension is zero
and area compressibility is the first derivative of surface tension with respect to area.
The bilayer surfactension (computed viaquationu®) as a function of lateral area is
shown inFig. 5.7 for the membranes presentedliable 5.4. Each data point reports

the average surface tension ifh s simulation performed at fixed volume witie
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MPC fluid coupled to theell thermostaat 310 K(NVT). Area compressibilies
reported inTable 5.4. are obtained from linear fits to this data in the vicinity of zero
surface tension (i.e. their equilibrium area)

Thus, we have identified simulation protocol for both coupling methods which
yield reasonable membrane properties. Nonetheless, the collisional coupling scheme is
used throughout the remainder of this wbdcause it is thought to more accurately
model sick boundary conditions, such as those assum#éte SaffmarDelbriick
theory.This choiceshould note regarded as an endorsement of the collisional
coupling scheme over the repulsive scheme; both constitute valid appraadhzsth

are supported in SAD Martini.

Table5.4: Equilibriumsystem size and area compressibility for Dry Martini and
STRD Martini as a function of the SRD particle density. Data for both
thecollisionalcoupling CC) andrepulsivecoupling RC) methodsare
shown. Area compressibility is calculated from a linear fit of the data in
Fig. 5.7 at zero surface tension.

Simulation APL (A?) Area Compressibility (mN/m)
RC,N=1 63.02+ 0.10 384+ 17
RC,N=5 59.942+ 0.042 428+ 13
RC,N=10 56.459+ 0.082 378+ 11
CC,N=25 63.56+ 0.18 320+ 33
Dry Martini 65.084+ 0.054 333+ 12
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Figure5.7: Surface tension as function of area per lipid (at fixed volume) for STRD
POPC membrane are shown for three densities using repulsive coupling
(RC), atstandard density using collisional couplif€C), and for Dry
Martini without an MPC solvent.

5.3.4 Alternative Coupling Schemes

Further work on the STRD project migi towardimproving thecoupling
scheme and verifying that the flufilid boundary conditions are being modeled in a
realistic way. For instancGROMACSa |l | ows f or t he dedni ni
molecules abstract interaction sit egr athamag h
for specific purposeg-or the purposes of coupling to the MPC fluid, each lipid may
be assigned a single massive virtual site to represent its entire headgeteg &iche
headgroup center of mass. Forces applied to these sites are distributed among their
underlying constituent particle§he collisional coupling scheme would benefit from

includingsuch interaction site®r each lipid in the collision step raththanasingle
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headgroup bead from each lipid. Doing so would ensure flows in the solvent are more
effectively distributed to the lipid center of mass, leading to more reliable stick
boundary conditions. Coupling tbeaverage lateral motion of lipgdather than noisy
individual particle motionsvould alsomprove the response of the MPC fluid fipid
movement. The increased mass (from 72 to 216 or 288 amu depending on the number
of headgroup particles included) would ailsgprovethe solvenisolutemomentum
balance withinnterfacial collisioncells, providing a firmer justification for using the
istandar do MP @ =p.%mt which wouldocerrespond tp a state of
balance, while plausiblgermiting evenhigher densities.

Implementing ther coupling schemes from the MPC literatur&ROMACS
may prove a daunting task. A potentially promising scheme would create dynamically
triangulated meshes for the bilayer surfaces with vertices at the lipid headgroups
[177], [178] The faces of this surfaceuld be coupled to the SRD fluid through
ordinary collisions for during the MPC streaming step. A second degree of coupling is
then required to translate forces between the Dry Martiiidipnd the triangulated
surface(perhaps using forces acting on the aforementioned virtualosigasply
using the collisional coupling method aq178]).

This method would allow different boundary conditions on the full slip vs stick
spectrum to be implemented using different collidgpesbetween MPC particles and
the triangle facegspecular, bouneback, orsomestochastic hybriés described in the
literature for fluidsolid boundarie§l89]). It would also properly excluddPC
particles from entering or traversing the membrane. This method was not implemented
in this work due to its relative complexity, especially once parallelization is taken into

account. Nonetheless, it presents an dttraoption for future work.
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5.4 Conservation of Energy

Theoetically, simulations obnly SRD particlesshould exactlyonserve
energy(see sectiod.3.2. However, aice d computercalculationssuffer from
numeric artifactsthe total energy iNVE STRD simulationscontainingonly SRD
particlesslowly declines due to rounding errors in the collision step. These rounding
errors produce a rotation matwith a deternmant slightly lower than unity. Different
methods for performing the rotation wengplementeda quaterniofbased approach,
rotation matrix multiplication, and thexis-angle calculation given by equatiof.
Thequaternion approach was quickly disqualified due to the number of floating point
multiplications required. Aie othertwo rotation methodsvere evaluated for numerical
stability by repeatedly appglyg random rotations to a unit vector. After 100,000
rotations, the axiangle rotations shrink the unit vector by 10% while rotation matrix
rotations shrink it by 36%lhus, the aximngle method was selected.

During the development of STRD, we encountered puzzling violations of
energyconservatiowhich caused STRD membrane simulations to heat over time.
Depending on the choice of integration and collision parameters, the rate of heating
could be enormouar relatively minor (se€ig. 5.8). Heatingonly occurred when
SRD particles were coupled to Dry Martliids; simulations of onlySRD particles
did not exhibit this probleme originally attributedt to interplay between the
repulsive coupling interaction potential and thgcontinuities irSRD particle
trajectories induced by the collision st&pe argued that since these SRDtigls
have a positiorlependent potential energy, thestcollision velocities may
preferentially propel SRD particles into positions with higher potential energy. In
other words, energy conservation was no longer guaranteed since the forces acting on

SRD particles were not derived from the gradient of a potential.
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Figure5.8: Temperature increageernanoseconadver 50,0006RD collision steps
for various collision angledhe fit function is6 A @® O E/j ¢ 0,
which was discovered to closatgrresponded with the data when plotted
as a function 00 E|/1j ¢ on an ad hoc basis

Our remedy for this issue was to employ a momerpoeserving cell
thermostat (outlined in secti@gh3.5 to keep the simulation stablehis thermostat
conserves hydrodynamic flows by only operating on the relative velocities during
MPC collision steps. For this reason, it can only act upon solvent particles and lipid
headgroups thatre participating in the collisions. Under conditions which violate
energy conservation, selectively thermostating this part of the system drew energy
from the membrane, leading to a steady state temperature gap between the SRD fluid
and the membrane. Tineagnitude of this temperature gap degeod both the MD

timestep and the collision parametésseFig. 5.9). These parameters can sxected
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to minimize the gap but doing so restricts MD timesteps to a maximum of 10 fs and

prohibits frequent collisions with shorter timesteps.
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Figure5.9: Steadystatemembrandemperaturavith U = ds & furktion of MPC

collision frequency and timestep with the SRD thermostat set to 310 K.
The white contour indicates combinations of these parameters that
achieve 310 K for the membrane.

Only later did we realize that our implementation of STRD coathmsubtle,
but serious integration buthe leapfrog equations of motion were not properly
modified to include thé1PC collision step. The haiétep (midpoint) velocities were
perturbed during collisions based on thestep position oMPC particles acerding

to the following procedure
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This modificationdoesnaot impact simulationgontainingonly MPC patrticles buis
important for simulationsvhich include particles coupled tMPC when those
particlesalso have forceacting onthem. This is because applied forces are calculated
based on the estep particle positions, while impulse forecegparted byMPC

collisions are applied during the haltep(i.e. the halfstep velocities are modified)

This inconsistent treatment violates conservation of energy, leading to a substantial
heating rate in STRIMembraneimulations with a magnitude dependent on both
collision argle and integration timestep. The proper way to incorpi&€

collisions is to perform the collisions using-step velocities. This is done with a

modified velocity Verlet integrator
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After this change, STRD simulations no longer heat over time. They do not
perfectly conserve energjysimulationsstill gradually cool but the rate of
temperature changehen using0 fs timestepis reduced byhree orders of

magnitudeThe cellthermostat is still employed to maintain constant temperature
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the solvenwithout disrupting hydrodynamic flows. As shownFig. 5.10, the steady
state temperature gap betweenttirermalizedSRD fluid (naintainedat theprescribed
temperature) and the membrgagea colder temperature when using the erroneous
implementation)s now negligible Since itis no longer necessary to tune integration
and collision parameters toinimize the temperatuigap a wide range of accessible
parametespaceis now availableln particular, theerroneousmplementation could
not tolerate timesteps in excess of 10Tfsus, in addition to being correchet ability

to use a longer timestép20 or 30 fg without driving the simulation far out of

equilibriumyieldsa considerdle performance improvement.
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Figure5.10: Steady state temperature difference in STRD simulationa (T

Tmembrang @S a function of timestep when a thermostat is applied to the
solventwith correct and incorrect integration procedures
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5.5 Validation

After implementing STRMMartini in GROMACSand ensuring thdhe
relevant conservation lavesefollowed in every collision celluring each SRD
collision stepa series of simulationsere run to assess whether our implementation
reproduces varioukeoretical properties of the mesoscopic fluid. These tests are
necessary tdemonstrate the correctness of our implementatiwhto determine a
valid range of collision parametets the following sections, wexaminethe
equilibriumspeedlistiibution of SRD particlesunder NVE conditions, the average
temperature and fluctuations of the cell thermostat, two important dimensionless
hydrodynamic numbers, the shear viscoBityboth collision rulesand theeffective

hydrodynamic cutoff length determindtrough transverse velocity correlations.

5.5.1 Particle Velocity Distribution

It has been shown that the equilibrium velocity distributioBRD particlesis
Maxwellian[136]. To verify that our dynamics are correct, we preda 30 nm box
of SRD particles at moderate density< 2.5nm) with a uniform initial velocity of
327.7 m/s in random directions. Thissimplythe thermal velocity for 72 amu SRD
particles at 310 K. This initial state corresponds to a delta veldisitybution. This
system was simulated for 1000 SRD collisions using the standard SRD collision
parameters and no thermostat (NVE ensemble). The resulting distribution after just

SRD collisions is shown iRig. 5.11.
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Figure5.11: Themicrocanonicaspeed distribution at 310 K for 67500 SRD particles
in a 30 nm boxN = 2.5nm?3) afterjust5 collisions starting from a delta
speed distribution with all particles haviag 327.7 m/s. The Maxwell
speed distribution foBRD particles at 310 K is shown in red.

5.5.2 Thermostat Properties

Two simple tests are required to evaluate our implementation of the cell
thermostat from sectiof.3.5using a homogenous SRD fluid. First, a 10 ns simulation
is run withthe thermostatising a prescribed temperature3@D Kand a strenty
parameter = 0.1. The resulting temperature time series is showgirb.12. This
shows that our thermostat achieves the expected average temp&etorel, avell-
known result from thermodynamics is that energy fluctuationa monatomic gas

a canonica(NVE) ensemblaregiven by

2 A 7, ’ o, [
” 00 600 O NQ"YO EU Q'Y VP ¢
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Proper fluctuations are required to model the canonical ensemble, a property
which many popular themostats do not achi®@3. We can use this expression as a
criterion in cilineatingthe range of acceptable strength paramsdte our thermostat.
Fig 5.13 shows the ratio of kinetic energy fluctuations in STRD as a function of the
strength parameteffrom this figure, we see that the cell thermostat has proper energy
fluctuations overtherang@t o | p&® mUsing smaller valueesults in
inappropriately small fluctuations while larger values result in fluctuations that are too

large, ultimately deshalizing the simulation.
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Figure5.12: Temperaturéime seriedor two sample STRD simulati@with different
strength parameters farecell thermostaf: 1@ (upper) and 18t p
(lower). The average temperatuliffers by only 0.18 K
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Figure5.13: Variance in the kinetic enerdgr an SRD fluidusing the cell thermostat
at 310 K relative to a reference value calculated with equagoig The
energy fluctuation®ecomdanappropriately small for values pf 18t o
Three simulations are run at each thermostat strength, with the error bars
depicting standard error feach set.

5.5.3 Schmidt Number

Whether the dynamics of a flurdsemble g@as or liquid is characterized by
the dmensionless Schmidt numbeiefined as the ratio of momentum transport to
mass transport. For the SRD fluid, thigjigen by

3 k :to—i VP o
Gaslike dynamics correspond to a Schmidt number near unity, since momentum
transport in gases is dominated by patrticle diffusion. In contrast, liquid momentum
transport is dominated by collisions between fluid particles, correspondiagéo

Schmidtnumbers.Intuitively, the Schmidt number @nMPC fluid is connected to its



mean free pathFor an SRD fluid, the most crucial parameters for the Schmidt number
arethe collision interval and collision anglseeFig. 5.14). Typical STRD collision

parameters yield a Schmidtl irkeedbearegd meQO0O0,
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Figure5.14: Schmidt number for an SRD fluid as a function of collision aagk
collision interval in units of MD timesteps. White coatshighlight
powers of10 ranging from 1 td0* (as indicated on the color bar).

5.5.4 Mach Number
The compressibility of a fluid is characterized by the dimensionless Mach
number defined as the ratio between fluid flow veloaitygnd molecular thermal
velocity U,
- Ak 6j U VP T

Formonatomidluids, thermal velocity given by
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whered is theMPC particlemass. We may assurmeompgessibilityin the limit

- AL p, or equivalentlyo L U . Substituting310K and72 amu gives a thermal
velocity of244m/sfor STRD. To satisfy the wetknown incompressibility criterion
- A ™, wearelimitedto flows withd  x an/s. Equilibrium studies are well
below this limit. For context, the imposed flow fields from seclidnlhave a
maximum of ~10 m/sThe relevantelocity for computing Mach numberstise mean
flow velocity for some collective motiolarger than individual collision cell$n

contrastFig. 5.15 demonstratethe distribution ofnstantaneousell velocities.
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Figure5.15: Distribution ofinstantaneous collisiocell velocitiesof quiescent SRD
fluidsat 310 Kat three partie-percell densities (M)Higher densies
are less prone to wild fluctuatiorZ0 particles per cell is considered the
upper limit on SRD density, while 3 is considered the lower limit.

5.5.5 Reynolds Number
Membranehydrodynamics are firmly ithe lowReynold numberlinearized
regime Thus, it is imperative that our MPC fluid is also modeling dynamics from this
regime. The Reynolds number may be written
0000

2 A — +— L @
Where’ is the kinematic viscosity equal todivided by the density, 0 is a relevant
flow velocity andi is a relevant length scale. For colloidal systeimsjght be the
radius of the colloid particle§.or membranes, the size of extracellular protein domain

or the wavelength of membrane utations may be relevanthe low Reynolds
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numbercondition2 AL p, may also be writted L ’ . For typicalSTRDsimulations
with waterlike viscosity this demands 0L ¢ p TTnm?/ns,a condition safely
satisfiedin nearlyanyreasonabl@pplication.200nm/ns flows over 100 nm length
scales or some similar combination would be required to realize even 1% of the

limiting value for low Re.

5.5.6 Transverse Velocity Correlations
In reciprocal space, the velocfigld of amolecularfluid associated with a

particdar wavevector may be expressed as a sum over particles indexed by

L s P e o

D %o z B0 A Q@b v X
If we defined @ as the transverse velocity (i.e. orthogonaftothen we may write

normalized time correlations for a particular @ as

L b O tid @O
o ot ———————— Le Y
b OO td @O

For a lowReynolds number fluid governed by the Stokes equati@sgt
correlationsdecay exponentiallin T with time constant Q. Time integrals of

0 converge to values that depend only on the wavenuamukthe viscosit{148]

p

"Y et 6 ot Qf = P AP Qo VP W
With limiting values given by’ Q  as6© Hb Note this is the same dependence as

themagnitude of th®seen tensor in reciprocal space
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For a continuum fluid, equatiasg® dnolds for arbitrary kThis is not the case
for molecular or mesoscopic models, where it only holds over the length scales that
support continuum hydrodynamic transpéttiang et a[148] found this length scale
for MPC fluid to be the hydrodynamic cutoff length discussed in sedtid

reproduced here for convenience

_ ‘¢t ug; p

We simulateda 60 nm box 0216000SRD particlesN = 1 nm?®) for 5 ns with
a 2 fs MD timestep, sampling velocities every 10 fs using collision paranaste2<)
nm, d = 200 fs,andU= 180°.Wavevectordependent transverse velocities for each
frame were computed according to equatign xand used to compute corrédat
time series as defined by equatigfh Plateaus for the integrated time sefé$ht
are plotted irFig. 5.16. The simulation results are in excellent agreement with the
theory presented by Huang e{B48], demonstrating loviReynolds number
hydrodynamics above the cutoff length scalend loss of correlation on shorter

length scales.
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Figure5.16: Limiting values for integratedrhe correlation functionsY (o of the
transverse velocity are depicted as a function of wave nuimbar60
nm cube of SRD particled(= 1 nm®). Over long length scalesrgall K),
the data follows &’ 'Q  relationship indicating adherence to low
Reynold number hydrodynamic theory (bluBglow the cutofflength
scale,"Y"Q reaches a plateau equal to half the collision interval (green).
For theselectectollision parameters, theutoff lengthscale is 2.77 nmn
in close agreement with the simulatidata.

5.5.7 Shear Viscosity
As described in sectiods3and4.4, the shear wcosity of an MPC fluid can
be expressed analytically for both SRD and MPCA collision rules as a function of
their collision parameters.his providesan excellent test foralidatingSTRD Martini
while simultaneously demonstratirtg useful viscositstuning capabilities. There are
many ways to calculate viscosity from MD simulati¢©80], some at equilibrium and
some in driven systems. Equilibrium methods are based on evaluating time correlation

functions of either the pressuensoror particle velocities.
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Sincethe STRD Martini fluid does not havemoperly definedpressuren
GROMACSand our velocity correlations have been shown to agree with low
Reynolds number theory, calculatimigcosity fromtransverseelocity correlationss
the best approadqii91]. This is done by fitting the decaysén @it as a function of
the lag timet (see sectio®.5.6 and extracting viscosity from the filvavevectors
with equal magnitude are averaged over, with the largestweatars giving the best
fit. GROMACS has a butin tool for computing the viscosity in this manner from
simulation trajectories calledaf.

Viscosity for the SRD collision rule was tediusinga 30 nmhomogenous box
of MPC particlesl = 2.5nn) simulated under NVE conditiorat different collision
angles with the other collision parameters held fixeal=a2.0 nmand({ = 80 fs. The
positions and velocities were sampled every 2 ps for 5 ns and the resulting trajectory
was analyzed witkcaf. The results are presentedrig. 5.17. Excellent agreement
with theory (equation® ¢, with a $ight divergence from theory at high collision
anglesThiswholeprocedure was repeated with the cell thermastabled, and
comparably excellent agreement was found with theory (not shown). Using the cell
thermostatioes not change SRD shear viscosity.

Viscosity for the MPGA collision rule was calculated in an analogous fashion
using a higher density MPC flu{@l = 7 nm?). Both the collision cell size and
collision interval were varied for simulations in the NVT ensemble (recall MAREC
always inherently thermalized) for 5 ns, taking position and velocity samples every 2
ps. Results are shown kiig. 5.18. Once more, excellent agreement is found with

theory (equation® ¢ When thesame patrticle density and equivalent collision
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parameters are used, MPCachieves a viscosity c.a. 75% of what SRD collisions

achieve at)= 180°and c.a. 150% of what is achieved®at.

3.5 T T T T T

Theory
® Simulation

1
40 fs

w

Viscosity (cP)
a N

—

e
(3]

15 45 75 105 135 165
SRD Collision Angle (°)

Figure5.17: Shear viscosity of an MPC fluidN(= 2.5 nm3) using the SRD collision
rule as a function afollision anglefor threedifferent collision intervals.
Theoretical predictiongiven by equation® ¢ Viscosty of water at 310
K is shown for referenc&.hecollision cell size wag.0 nm. Simulation
values are calculated from of fits to transverse velocity autocorrelation
decays using theROMACStcaftool.
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Figure5.18: Shear viscosity of an MPC fluigN = 7 nm?®) using the MPEAndersen
collision rule as a function of collision interval for three different
collision cell sizesTheoretical predictiomnare given by equatiarh w
Simulationvalues are calculated froat fits to transverse velocity
autocorrelation decayssing theGROMACStcaftool.

5.6 PSDFinite Size Effect onLipid Diffusion

With the dynamics of the SRD fluid validated and the assurance we are
adequately modeling Stokbgdradynamicswe mayreturn to the problem of
diffusion inaperiodicmembraneTo illustrate the importance of hydrodynamic
interactions for membrane simutats, we soughtcorrespondence with the periodic
SaffmanDelbrucktheory[44] described in sectioB.5. Proteins have not yet been
incorporated into STRD Matrtini, so we inviggted seHdiffusion of lipids aghe
periodic box sizas varied Whether lipids can be adequately modeled as cylinders
spanning a single leaflet is an open question. Regardless, looking for this finite size

effect is a useful test for STRD Martini.
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SevenPOPC membranes were preparedoiath STRD and Dry Martinwith a
fixed vertical size 025 nmandlateral sizesangingfrom 10 to 40 nmEachsystem
wassimulaed for 2 psat fixed volumewith COM motion removed at every steyl
usal the velocityVerlet integratorThis affords a direct comparison between similar
membranes with and without the hydrodynamics modeled by FPRD Martini
membranes were thermalized by coupMBC patrticles to the cell thermostathile
Dry Martini simulations used thBussi vrescale thermosta®TRD simulations used
collision coupling, including POPC phosphate beads in the collision stefhea&RD
collision rule withN = 2.35 nn¥, a= 2.0 nm,U= 180° andl{ = 200 fs yielding a
solvent viscosity of 0.593 cP.

Diffusion coefficients werealculated according to the method described in
section2.7. Each simulation trajectory was divided into ten 200 ns subtrajectories. Th
MSD for each subtrajectonyas independentlygalculaedusingthe GROMACS
g_msdprogram Results are reported rable 5.5 with uncertainies given bythe
standard error agach ten calculationfitting these results to the PSD theory was
accomplished by computingeoreticaldiffusion coefficients for the simulatl system
sizeswith varying surface viscosity and interleaflet friction using equatags.and
o® pThe fibest f i ininizimgahe sufrovear all dysténysized the
squared residual®arameter space was initially scanned logarithmically ©2er
orders of magnitudestarting from reasonable initial values, and rapidly narrowed
down to the values reportedTable 5.6.

Theinitially assumedsizeof the lipids (R = 0.448) is the radius of a circle with
an area equal to 0.63he APL for POPGn STRD Martini Since this is a rather

crude model of a lipidpther effective radii were considered: half, double and triple



the initial size. One concern arises frdme fact thathiese simulations were performed
before the integrator bug was fixécthe temperature gap between solvent and
membrane was small in the STRD simulations (less than 2 K). With the bug in place,
STRD still passes the validation tests in secidwhich suggests it will not have a
significant influence on the dynamics if it can be kept under control.

Results for these fits using the haflinder model ee presented ifig. 5.19
and using the membrarspanning cylinder ifrig. 5.20. Results for Dry Martini are
presented ifrig. 5.21. Qualitatively, the STRRIata differs from the Dry Matrtini data,
with seltdiffusion reaching a plateau around 25 nm for STRD and continuing to
increase for Dry Martini. In theory, Dry Martini membrarage subject t@D
hydrodynamic theorgnd theirself-diffusion coefficients &ould diverge at large
system size&lue to the Stokes paraddr.simulation, a limit will be reached when the
underlying assumptions of Stokes hydrodynamics begin to break down (e.g. the lack

of explicit time dependence).

Table55: Lateral seldiffusion coefficients for POPC lipids calculated for Dry and
STRD Martini as a function of lateral system size.

L STRD MartiniDpopc Dry Martini Dpopc
(nm) (107 cné/s) (107 cné/s)
10 2.060 £ 0.041 3.069 + 0.108
15 2.211 £ 0.063 3.367 £ 0.078
20 2.350 £0.067 3.410 £ 0.100
25 2.397 £ 0.075 3.591 + 0.155
30 2.516 £ 0.083 3.836 £ 0.077
35 2.471 £0.113 3.751 £ 0.136
40 2.441 + 0.053 3.871 £ 0.091
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Table5.6: Periodic SaffmanDelbriuckfit parameters for STRD Martini POPC using
various effective lipid radii using both the faylinder and hakcylinder
expressions foDpgc.

Half Cylinder Full Cylinder
R(nm) | — (108P-cm) | b(10°P/cm) | — (10%P-cm)
0.224 7.99 8.39 4.84
0.448 6.23 5.82 3.82
0.8% 4.32 3.27 2.80
1.344 3.32 2.30 2.21
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Figure5.19: Self-diffusion of POPC lipids as the lateral box size is varied for STRD
Martini. Fits from PSD theory modeling the lipids as traEmbrane
spanning cylinders are shown four different effective lipid radiiThe
best fit is obtained when using a radius half the size suggested by the
APL. Clean fits are not possible using larger radii.
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Figure5.20: Self-diffusion of POPC lipids as the lateral box size is variefORD
Martini. Fits from PSD theory modeling the lipids as fukmbrane
spanning cylinders are shown for four different effective lipid radii.
Better fits are obtained for smaller effective lipid radii, but none of the
fits are satisfactory.

An acceptablédit to the halfcylinder model is available for STRD Martini
when the effective lipid radius is half the initially assumed radius. Parameters for this
fit are— X8 w p T P-cmand® (& w p 1P/lcm. The best comparison for
these parameters in the litaree comes from a calculation for DPPC using an older
version of Martini with norequilibrium molecular dynamid492]. They found-
p& p T Pcmandw ¢& p mP/cm. There are several plausible reasons for
why these parameters ought to be higher in STRD MaflipExperimentally, the
viscosity ofPOPC membranes ligherthan DPPC membranes due to timsaturated

tail of POPC. (2) Interactions between lipidsre significantly less attractive in the
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older version of Martini used in their study. This is even more pronounced for Dry
Martini, which requires extra attractive interactions due to the removal of the solvent.
Higher attraction between lipids is expette increase both the surface viscosity and
the interleaflet friction. (3) Collisional coupling to the SRD fluid increase the surface
viscosity through the introduction of noise (as seen in fi§@e

No acceptable fits are available using the full cylinder model for STRD
Martini or with either model for Dry MartiniExtending the range of system sizes
would be a useful follovup on this analysifuring the initial nvestigation of this
problem STRD suffered from an inefficient implementation which prohibiked
simulation of very large systems. The code has been greatly improved in the interim,

renderingthis problem grime candidate fdiurther study.
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Figure5.21: Selfdiffusion of POPC lipids as the lateral box size is varied for Dry
Martini. Note that the diffusion coefficient does not plateau.
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Chapter 6
STRD MARTINI PARALLELIZATION

6.1 GROMACS Parallelization
In parallel environment$GROMACSuses domain decompositi¢D) to
partition the simulation volume intautually exclusivericlinic regions called
domaing193]. Each domain is assignedaaingle processor, which is responsible for
integrating the equations of man for the particleswithin  Par t i cl es ar e on
to the processor they are assignedtooneprocess has access to the complete state
of the systemThe domains are @nged in a staggered 3D grid of cells alongxdhe
andz axes as depicted itwo dimensiondy Fig. 6.1. This method of decomposing
the simulation applies naturally to MD simulations since most of the interactens a
shortrangedwhen cutoffs are used (apart from electrostatics, which are efficiently
treated in parallel with PME)
Inter-process communication is requiredcompute forces between particles
residing within different domain§&SROMACSuses thesighthshell method[194] to
determine which domain is responsible for resolvingef@eractionsUsingthis
apprach, forces betwan particlesin differentdomainsare calculatednthe domain
with the lowest index for each coordinate. For example, interactions between particles
on domains (3,2,0) and (2,2,1) are computed by the process responsible for domain
2200 This requires atom coordinates be com
with | ower indices and the resulting force

original domainsGROMACSaccomplishes this with a series of unidirectional
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Apul ses o0 t hae¢achc@ridatedvdstinaseqaehnoe.ringsome cases,
multiple pulses are required for one or more akes.6.2 demonstrates this procedure
with red arrows for pulses along x and green arrows for pulses aldlugeythatthe
pulses must wrap around the boundaries to respect periodic boundary conditions. In
this figure,shortrange interactions between the particles in domain (1,2) and (2,1)
will be handled by the process responsible for domain &éfté) a single pulse @hg x
followed by a single pulse alongResulting forces are communicated back to the

particles through a second set return pulses in reverse order.

(0,2) 22

(1,2) (3.2)

(0,1) 2.1
(LD (3.1

(0,0) (1,0) 2,0 (3.0)

Figure6.1: A 2D domain decomposition grid staggered inylterection. Each
domain is labeled with an ordered pair of grid indidéste that the
domains are generally staggered in the third dimension as well.
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Figure6.2. Domain decomposition grid overthwith arrows demonstrating the flow
of data in puided communication calls.

GROMACSgenerates auggestd domain decomposition gnehen a
simulation is initiatedThe chosen domairadl have the same volummder the
assumption that the simulation has a roughly uniform density of interaction sites.
Sincethe required communication scales with the domain surface hecaptimal
domain grid is a lattice of cubic domairss the simulatiorruns,each procestracks
how much time it spends ideend hedomains may expand or contract to most
efficiently utilizetheavailable computational resourc&uerworked domains
contract, giving a portion of their workload to their neighb®tss is called dynamic
load balancing and results in a more efficient allocation of computational resources

for inhomogeneousystems or those with inhomogeneous interaction densities, such
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as simulations with united atom force fiel&@articles must be periodically reassigned
to new domains as thelffuseawayfrom their initially assignedlomains.This step is
called repartitioing. By default, it is a done whenever the neighbor lists are updated.
GROMACSimplements inteprocescommunicatiorby linking toa Message
Passing Interface (MPI) librayhe specific library depends on tbemputing
resource)MPI defines a set adperations for communicating betweaocesses
including pointto-point and collective operations. Pototpoint operations (such as
MPI1_Send) transfer data between two particular processes. Collective operations
transfer data to a group of processes faitimer a single process (such as
MPI1_Broadcast) or among all processing in the group (such as MPI_AlIReduce). The
latter is called alto-all communicationGROMACSuses pointo-point operations to
implement the communication pulses required for foreepdation. Collective
operations aresed when building neighbor lists, calculating global quantities (energy,
pressure, etc.), and outputting dddawever, they must be sparingly if the goal is to

optimize parallel efficiency.

6.2 MPC Communication Requirements

Inter-process communication is required for MPC collisions because some
collision cells are necessarily split among different domdtigs 6.3). The collision
cell grid cannot be aligned with the domain decompasigiad over multiple collision
steps due to the randagnid offset used for each collision stdp.theory, one could
avoid interprocess communication during the MPC collisions by performing domain
repartitioning before every collision step with the nemnains constrained to the

boundaries of the collision cells. Howevttte frequency of collision steps is an

12¢



important parameter of theydrodynamianodelwhich should remain independent of

the frequency of domain repartitioning.

Figure6.3: TheMPC collision cell grid (dashed blue) is shown overlaid with a 3x4
domain decomposition cell grid (grey) in 2D.

Since MPC collisions require communication, two important choices need to
be made. First, one must decide which processor is responsible &br aaflision
cells.This must be done in a consistent manner on each processor to ensure there are
no conflicts or overlapping claims of responsibility oversdlivery cell must be
assigned to a processor. For optimal performance, this should be duoh i way as
to minimize collective communicatioBecond, one must choose what data to

communicatéetween whictprocessa. Simplecollision rules involve only the mean
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velocity of the collision cells, but additional information is required for momentum
preserving thermostats and rules conserving angular momenturao@orunication

protocol must suppothe more general case.

6.3 STRD Communication Protocol

As development of STRD Martini progressed, the communication protocol
was iteratively refined. Severapproaches were explored before satisfactory parallel
performance was achieved for large systems (>100 Hme) performance penalty
associated with STRD Martini has three components: (1)-keeging overhead
required byGROMACSto accommodate the MPC tex particles, (2) the additional
computation required for the MPC collision step, and (3) communication required
before and after the collision step. Little can be done to optimize the first two
components. Boekeeping overhead arispsmarily from theneed to include the
new tracer particles in domain repartitior
properties like energy, pressure, and temperalime upper limit on performance
achievable bYSTRD Martini (henceforth referred to as therformancelimit) is set
by this bookkeeping overhead his limit is identified by disabling the collision step
and its associated communicatidimerefore, the performance achieved by STRD

Martini hinges crucially on the design of the communication protocol.

6.3.1 Particle Gather and Scatter

The original communication protocol implemented for STRD Martini was
designed for simplicity rather than efficiency. The object was to establish-fadayg
rudimentary protocol to use while implementing and debugging other poatidins

STRD Martini code. It later proved bea useful reference faalidating the outcome



of collision steps involvingnoresophisticatedommunication primcols. This method
usescollectivecommunicatiorto collect all particle position and velocityth to the
mastemodeat the start of each collision step, giving the master process a complete
globalsnapshoof the simulatiorstate This is the gather operation. The master
process is then responsible for identifyingMPC particles, assigning theto

collision cells, performing the collisions for each cell, and assigning new velocities to
eachMPC particle.Once the collision step is completiee tupdatedPC particle
velocities arecommunicatedbackto their originalnodesaccording to the domain
decompositia. Thisis the scatter operation.

Beside the simplicity of its implementation, this protocol has the advantage of
being authoritative. Only one process is responsible for assigning MPC patrticles to
collision cells and pdating their velocities. There is no potential for conflict or
disagreementegardingthe outcome of the collision stéetween different processors
becausehey all receivehe same outpudtom themaster nodeMore complicated
schemes must devise rules assigning responsibility over collision cells to different
processoraind communicating the requisite particle or cell dsliareover, his
protocol does not need to coordinate random number generation across multiple
nodes.

Both phases of this commuaition protocol (gather and scatter) require
collectivecommunication involving large transfers of data to and from the master
node.In all, nine floating point numbers must be communicated for each particle. The
required communication bandwidth scaledwiite number of particles in the
simulation, which is effectively proportional to the total fluid volume for large STRD

Martini simulations. Increasing the number of nodes does not decrease the bandwidth
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required because all particle data must pass thrtnegimaster node. Furthermore,
increasing the number of processors will not reduce the time required for MPC
collisions as they are not parallelized. Together, these impose a rather strict bottleneck
on the parallel scalability of STRD Martini simulatiamsing this communication

protocol.

6.3.2 Partial Cell Sum Reduction

An early alternative approach sifjoantly improved performancand parallel
scalabilityusinga very simple communication protocol basedcolective MPI
operations. This approach exploits the fact bHastic MPCcollisions only require
communication to determirtbe mean cell velocity vector® . Once the mean
velocity vector for a cell is known, the new velocities of MBC particle within that
cell can be computed without further information about ofH&C particles even
those resiohg on othernodes Thus,only cell velocity and occupancy suifos each
cell need to be communicatednong processe$he collisions can then be performed
independently o each procesgor cells that are split over multiple domains, partial
sumsarecomputed on each domain. These partial sums are communicatiet
domains and corresponding partial sums are added togétheis the reduce
operation, whicthandles bth the communication and the addititthcan be applied
to the whole set of MPC collision cells with one call to MPI_AlIReduce for the
velocity sums and another for the occupasams The mean velocity in each cell is
its velocity sum divided by its occupancy sum.

This protocol still requiresollectivecommunication, but the bandwidth
required is much loweahan the gather and scatter proto€hly three floating point

numbers and aninteger are requirgaer cellrather than nine floating point numbers



per particle Since the number of particles per cell is typically chosen to be between 3
and 30, the required bandwidth is at least an order of magnitude switiléhnis

method Unfortunately, the use aollectivecommunication still imposes a significant
performance bottleneck when dealing wahgesystemsand high levels of
parallelization. A local communication protocol based on limited communication

between neighboring domairsspreferred.

6.3.3 PulsedParticle Data

Much better performance is available from communicagtiaiocols that are
based orii p u | moiatdogpoint communicationsending and receivinglPC patrticle
dataonly among neighboring domaiirs a manner similar to th e ROMACSforce
computatioras described in section 6lfh such arrangements, the communication
bandwidth decreases tiee number of domains increasiacefewer collision cells are
shared between any two particular domaikey objective is the eliminain of all
collective communication. The particle data that must be communicated depends on
the collision rulé just the velocity for simple collisions and the position for those
which conserve angul ar mo ndemifyingtheoighd di t i on e
and destinatiomodes and patrticle ID is also communicated.

Each collision cell i's assigned a fihome
process that is responsible for handling the collision step of the cell. The set of all
collision cells assignedt a domain are called iIts #fAl ocal
range of local cells for each domain is chosen by rounding the domain decomposition
boundaries to the nearest gslifted collision cell along each axis. Since some cells
are split across the da@im decomposition boundaries, some particles from the

boundary cells must be communicated among their domain decomposition neighbors
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to reach their home domain. These particl e
Aadoptedo by t heir hngthecolisionsdhe resultingAf t er cor
velocities of these orphans must be sent back to the domain where they were originally
adopted from.

The communication code is inspired by the pulsed communication scheme
used byGROMACSduring force computation. Data isrg to neighboring domains in
pulses, first along +X andK, then +Y,-Y, +Z and-Z. In this manner, SRD data can
be sent or forwarded to any of the 26 surrounding domains.

The communication procedure is depictedFig. 6.4. At the start of a collision
step, each process assigns its local SRD particles to collision cells and determines the
home domain of those cells based on the current domain decomposition boundaries
and randomized collision cell grid shift. Data tbe orphaned SRD patrticles are
copied to a Adispatch buffero along with r
each particle should be sent. At the start of each pulse, the dispatch buffer is read. Any

particles that need to be sent in that palgeremoved from the dispatch buffer and

pl aced in the send buffer. The particles &
buffer. Each particleds routing informatic
domain, they ar e bcuofpfieerdo,t owhtehree fitahdeoyp twiolnl

local collisions. If they belong elsewhere, they are copied to the dispatch buffer of that
process and forwarded along. These steps are repeated for each pulse. Once all the
communication is done, each procesg@ms the collision step for their local

collision cells and the resulting particle velocities are communicated back to their

original domains by reversing the process described above.
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Dispatch Buffer

l Copy for next pulse

Send Buffer

Receive Buffer
Forward

others

l Copy adopted particles

Adoption Buffer

Figure6.4: Data fowchart fora single pulse in theulsedparticle communication
protocol.This process iperformed oncéorward and backward along
each dimension.

Since only a single pulse is performed in each direction, this implementation
requires all domain decomposition cetisbelarger than individual SR cells, which
are typically chosen to be2.nm. This ensures that no SRD particle has a collision
cell whose home domain is located more than one domain away in any particular
direction. This restriction also requires dynamic load balancing to be disabén

the size of the domains approaches the size of a collision cell because it does not
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account for staggered domains. Neither of these restrictions are important for STRD
Martini simulations because the interaction density is relatively homogenotiseand
large number of processes required to reach the size @igtip(ocesses for a

U TT LU TOm system using @m collision cells).

6.3.4 Pulsed Cell Data

A related schembased ormpulsedpoint-to-point communicatiorwas also
implementedvhich soughto reduce theequired communication bandwidth by only
sending and receiving partial sums for collision cell data rather than particld kiata.
is similar to the approach taken by the paxt&ll sum reduction protocol. Once more,
each process may perform SRD cotliss locally on its own MPC patrticles using only
the total velocity and number of MPC patrticles for each Thik approach can be
adapted to other collision rules with the addition of partial sums for mean position,
momentum of inertia, angular momentusts. Therequisitepartial sums are
combined with their corresponding partial sums from other domains using the same
pulsed communication protocdéscribed for the pulsed particle dptatocol. After
the communication stepaeh nodewill havea complete set of sums for all collision
cells containing its local atoms. Certain quantities, such as kinetic energy or angular
momentum, require position and velocity sums before they can be calculated. Cell
sums of these quantities must be computedcan@municated in a second pass.

A naive implementation would requiresix separate MPI calfor reduction
on eacksum:both backward and forward in all three dimensions. In order to minimize
the number of MPI calls used by tlapproach, the partial surasepacked into

integer andloating-point bufferswhich the reduction operates on. The resulting sums
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are unpacked from the buffers afterward. Sums calculated in the second pass are
likewise packed and unpacked in this manner.

This new communication scime greatly reduces the bandwidth required for
the SRD collision rule. Only three floatifgpint numbers (the velocity sum vector)
and one integer (the cell déds unique |1D)
three floatingpoint numbers and four integger particle in the particlebased
communication scheme. A second round of communication is required when the
thermostat is enabled or whasing a collision rule that conserves angular
momentum. As a result, the total number of MPI calls is the santleef@article
based and celbased local communication schemes. Despite the bandwidth reduction,
the performance difference between themegligible in most circumstances

The celtbased schemgas one significant drawbackidicks a reliable method
for error detectionCommunication errors can occur if dynamic load balancing is
enabled and the domain size approaches the size of the collision cells. In such cases,
the particlebased communication scheme is able to detect when a particle cannot be
propely routed to its adoptive home and report the error. Thebesiéd method has
no analogous mechanism and will happily continue the simulation, occasionally
producing subtle errors without alerting the user. Particles for some boundary cells
may be missig from the cell sums. For this reason, it is disabled by default in favor of

the particlebased scheme.

6.4 Importance of the Domain Decomposition
When domain decomposition is used to partition a system opeodéssors

an initial grid of domains must be seted with¢ cells in each dimensiosuch that

the product ¢ ¢ equals NSince here are multiple ways of choositigs grid for
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any compositevalued N selectinganoptimal configuration is crucial for maximizing
performance. The computationabrkload should be evenly dividednongall
processors to minimize idle processor tiig this workoad predominatelinvolves
the computation gbairwiseforces between nearby interaction sites optimal grid is
typically one that evenly divides thember of interaction sites

For homogenous systems, this implies domains of equal volume. However,
parallel performance is also impactggcommunication between network nodes
which scales with the surface area of the doma&h®lse being equal, long skinny
domains will require more communication than square domains of an equal volume. In
fact, the triclinic geometry which minimizes surface area for a given volume is a cube.
This is not the case for inhomogeneous systemerewhe relationship between
volume and interaction density (and hence computational cost) breaks down. Dynamic
load balancing can mitigate this problem by allowing the domains to grow and shrink
until an equilibrium is established

Even this may not be ficient for particularly inhomogeneous systems, such
as the membranes simulated in Dry Martini and STRD Martini. In both cases, the
region enclosing the membrane requires far more computation resources than the
surrounding vacuum or MPC fluid\ny procesmg power assigned to the fluid region
will sit idle during force computation and be squandered, regardless of how much the
domains expand during dynamic load balancing. 4dpecified domain grids with
only a single layer of vertical domains (= 1) ae warranted in these casEsr large
systems, these domains become long and narrow, increasing the communication
required during the MPC communication. A performance trdtles likely to occur

for very large systems, but it has not been identifiedystesns with 2KL00 nm.
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6.5 Additional Optimizations

6.5.1 Generating Random Numbers in Parallel

Performing the collision steps locally permits some serial SRD collision code
to be parallelized for an additional performance improvement over the original
implementation. The most substantial benefit comes from generating random numbers
in parallel. SRD collisions with a thermostat require six random numbers per collision
celli three for the randomly chosen axis and three for the cell thermostat. Thalorigin
implementation generated these random numbers for the entire system at the start of
each collision step. This task requires a significant amount of time for large systems
since it is proportional to the total number of SRD cells, and hence the simulatio
volume.

This task has been completely parallelized. Random numbers are now
generated locally only for the local collision cells and their colliding particles. The
new implementation us€ROMACS  b-in Thie¢Fry2x64 random number
generator. This ramin number generator is stateless and cotbdeed. It takes two
seeds and two counters to generate sequences of random numbers. The first seed is
chosen to be a constant and the second is available as an input parameter. By
supplying the current timestemd collision cell ID as the counters, it is ensured that
the same random numbers are generated for each collision independent of the number
of MPI ranks and the particular domain partitioning of the system. Thus, SRD
dynamics for a particular seed willtnchange if the same system is run with a

different number of processes.
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6.5.2 Improved Cell Iteration

Another substantial performance improvement resulted from optimizing the
method of collision cell iteration. At various points in the code, the collisionroels
be iterated over in order to do such things as assign random rotation axes, compute
thermostat rescaling factors, or calculate velocity vectors from velocity and occupancy
sums. The original implementation would simply iterate over all collisios,cell
skipping all norlocal cells with a conditional in the body of the loop. Careful
performance profiling revealed an inordinate time being spent whenever such iteration
was employedA more efficient method of cell iteration was introduciéerating over
only the range of cells local to each proces$be cell range is savelliring the cell

assignment stepnd saved

6.6 PerformanceBenchmarks

The wxmulative esults of these optimizations are presentdeigs. 6.5
through 6.9. Performance benchmarks were run on a-th68e cluster composed of 42
Intel Xeon E5630 processors networked with InfiniBand interconn@cis fluid
system and three membrane systems were benchmarked. The fluid system was simply
a 30 nm culz box of MPC fluid containing189000fluid particles N =7 nm®). The
membrane systems were all roughly 40 x 40 x 25 nm POPC membranes prepared for
Martini, Dry Martini, and STRD MartiniThe bilayer in eacimembranesystem
contairs 2704lipids per leafletin addition, he STRD Martini system is filled with a
bath 0f100000MPC fluid particles(N = 2.5 nn?’), while theequivalent Martini
membranes solvaed with290448Martini waterbeadsAll benchmarks presented

here use aonservative 10 fsec timestapflecting a limitation oftie original STRD



implementationAll other benchmarks could be run with a 20 fsec timestep for an
additional 2x speedup.

Fig. 6.5 comparedvenchmarks for different versions 8TRD Matrtini
simulatinga 30 nm cubic box containirig9000fluid particles N = 7 nm®) and no
membrane. MPC collisions occur every 20 timesteps using the SRD collision rule
Sincenone of the particles in these simulations have pairwise interactions, there is no
force calculatiomequired. The primary performance bottleneck for STRD becomes
the communication required duriigPC collision stepsThe originally published
code( | ab el ed sdal@srpoodyiduead thie massive communication overhead
involved, reaching a plateau around 32 proegesshe optimized communication code
(I ab edpetdi nijiisowedtiiree times faster than the original and has yet to reach a
performance plateau at 168 proes3 he performance limii(abel ed #ALI mi t o
imposed byGROMACSindicates a set of simulations which inclUd®C particles
but disable the caBlion step entirelyThe optimized communication code nearly

achieves performance limand scales along with it (s€gy. 6.6).

13¢



Figure6.5: Performancéoenchmarkgor a 30 nm cube of STRD fluid.

Figure6.6: Relative performance for a 30 nm cube of STRD fluid.




































































































































































































































