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Resumen
La Biofisica Computacional se ha convertido en una de las ramas mas dindmicas de la biologia

contemporanea, ocupandose principalmente del estudio de los procesos celulares a nivel molecular.
La unidad fundamental de investigacion son las macromoléculas, las proteinas sobre todo. Sin
embargo, el estudio del movimiento de una proteina muestra una notable dificultad. Una de las
alternativas mas prometedoras para estudiar los sistemas biologicos son sin duda los métodos de
simulacion molecular tales como el de Dinamica Molecular (DM). La DM se ha convertido en una
de las herramientas numéricas mas poderosas para estudiar propiedades termodinamicas de

macromoléculas como son las proteinas y otras biomoléculas.

Por lo anterior, en este trabajo nos enfocamos en realizar la implementacion de los algoritmos en los
ensambles NVE y NVT de dinamica molecular basada en los operadores de Liouville [22-23]. En el
ensamble NVT se usan las denominadas cadenas de termostatos Nose-Hoover [21]. Estos algoritmos
se implementaron haciendo uso de la tecnologia basada en Unidades de Procesamiento Gréaficos
(GPU) con lo cual nos permitié reducir el tiempo de ejecucion de estos algoritmos para el desarrollo

de las simulaciones.

Se publico el articulo titulado “In silico Analysis of the Structural Properties of PSMA and its
Energetic Relationship with Zn as Cofactor” en la revista Journal of Nuclear Physics, Material
Sciences, Radiation and Applications Journal con DOI: 10.15415/jnp.2018.61020 con una simulacion
de dinamica molecular del PSMA con el proposito de caracterizarlo de forma energética y estructural
en donde se dilucidaron las diferencias de PSMA con sus dos iones Zn2 como cofactores y sin ellos
en el perfil de energia libre, y en cuatro parametros estructurales: desviaciones cuadraticas medias de
la raiz y fluctuaciones cuadradas medias de la raiz por &tomo y residuo de aminoéacido, radio de giro
y SASA.

Del mismo modo, un segundo articulo pre aceptado titulado “High-throughput of measure-preserving
integrators for constant temperature molecular dynamics simulations on GPUs” con
doi:10.20944/preprints201811.0250.v1 en la revista High-Throughput, en el cual se presenta el
desempefio de los algoritmos NVE y NVT con las cadenas de Nose-Hoover implementadas en GPUs

para desarrollar simulaciones de dindmica molecular.




1. Introduccion

Una de las alternativas mas prometedoras para estudiar los sistemas bioldgicos son sin duda los
métodos de simulacién molecular tales como el de Dindmica Molecular (DM). La DM se ha
convertido en una de las herramientas numéricas mas poderosas para estudiar propiedades
termodinamicas de macromoléculas como son las proteinas y otras biomoléculas. Sin embargo, la
DM presenta dos grandes limitantes cuando se pretende estudiar sistemas de gran tamafio como son
las proteinas a nivel molecular, estas son: el tamafio del sistema (el nimero de atomos a estudiar) y
el tiempo de integracion usado para evaluar las ecuaciones de movimiento. El uso convencional del
tiempo de integracién es del orden de femtosegundos, lo cual garantiza la conservacion de energia
principalmente dando asi confiabilidad a los resultados obtenidos. Sin embargo, los procesos
dindmicos de mayor interés que suceden en las proteinas son del orden de microsegundos o0 mas alla.
Por lo tanto, se requiere contar con programas de simulacion cuya tecnologia de programacion logre
superar estas limitantes en cuanto al tiempo de integracidn, y poder asi realizar simulaciones a grandes
escalas de tiempo. La otra limitante es referente al nimero de atomos a estudiar en una simulacion
con DM [1-5].

En general, los sistemas moleculares son complejos y consisten de un gran nimero de atomos, por lo
cual seria imposible determinar sus propiedades de forma analitica. Para usar la DM en el estudio de
sistemas bioldgicos se necesita contar con una infraestructura computacional robusta que supere estas
dificultades. Actualmente, la tecnologia empleada para la fabricacion de tarjetas gréficas o GPUs
(Graphics Processing Unit) han evolucionado de una manera muy significativa, de tal forma que
dejaron de ser procesadores exclusivos para el procesamiento de graficos y se convirtieron en
sofisticados co-procesadores de bajo precio y alto rendimiento, que permitieron aumentar la
capacidad de una computadora personal de escritorio o portatil con las mejoras en su arquitectura y
un modelo flexible de programacién para el manejo masivo de datos en paralelo, lo que los convierte
en una atractiva alternativa de cémputo de alto rendimiento (High Performance Computing en inglés
HPC). Por lo anterior, se pretende desarrollar el codigo de dinamica molecular HIMD (Simulaciones

Atomisticas) implementado en las tecnologias de computo de alto rendimiento como son los GPUs.




2. Antecedentes

2.1 Algoritmos de integracion a través del operador de Liouville

En los ultimos afios se ha hecho comdn los métodos de dinamica molecular a sistemas de gran tamafio
permitiendo desarrollar metodologias aplicables a diferentes condiciones termodindmicas donde se
ha uso del concepto de ensamble colectivo. Un ensamble es un ente constituido por un conjunto de
sistemas que se encuentran en el mismo estado termodindmico, pero en diferentes estados
microscopicos. De esta manera, un ensamble queda definido por una serie de variables naturales que
se suponen fijas y cuyas propiedades se obtienen a partir del potencial termodindmico asociado a
dichas variables.

Los ensambles se clasifican en funcion de las magnitudes termodinamicas que permanecen
constantes:

e NVE. Ensamble microcandnico. Son aquellos en los que la Unica condicion es mantener la
energia constante dado un volumen y un nimero de moléculas fijo. Corresponde a un sistema
aislado.

e NVT. Ensamble candnico. Las variables termodindmicas que se mantienen constantes son
el nimero de moléculas, el volumen y la temperatura. Corresponde a un sistema cerrado.

e NPT. Ensamble isotérmico-isobarico. La presién como la temperatura y el nimero de

moléculas permanecen fijos. Es de suma importancia en la validacion de campos de fuerza.

Para poder simular cualquiera de estos ensambles, es necesario contar con un buen integrador
numerico, esto es, un algoritmo que nos permita determinar las posiciones y momentos de un sistema

en cualquier instante de tiempo dadas las condiciones iniciales.

2.2. Generacion de ensambles de equilibrio via el operador de Liouville

La metodologia estd basada en los esquemas propuestos por Tuckerman para la generacion de
ensambles de equilibrio via el operador de Liouville [22-23]. Para méas detalles vea Roberto Lopez
Renddn y colaboradores[43].
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La discusion se basa en los sistemas Hamiltonianos puesto que son de gran importancia en

simulaciones de DM ya que poseen caracteristicas especiales, incluyendo la estructura simpléctica,
conservan el volumen del espacio fase y ademas cumplen con la propiedad de reversibilidad en el
tiempo. Cualquier integrador numérico debe cumplir con estas propiedades. Se mostrara un
formalismo general para derivar integradores reversibles y simplécticos partiendo de una formulacion
basada en el operador de Liouville introduciendo algunos conceptos basicos. En mecanica clésica,
todo sistema conservativo viene caracterizado por su Hamiltoniano, funcién que define la energia del
sistema para cada estado termodindmico en términos de sus posiciones y momentos. Por ello
examinamos un sistema simple de una particula moviéndose en una dimension con un Hamiltoniano

dado por

PO U(x) (2.1)
2m

Las ecuaciones de movimiento para este sistema estan dadas por

du
X=— p=-—-=F) (2.2)

Ahora, supongamos que tenemos una funcion A(x, p) y cuya evolucion en el tiempo es de acuerdo

a

dA

Donde H, es el Hamiltoniano clésico dado por 2.1y los corchetes representan el paréntesis de Poisson
definido segun

(AH = — — —— — (2.4)

La evolucién de A nos dard como resultado las ecuaciones de Hamilton. Para verificar este punto

podemos elegir A(x, p) = x y sustituirla en la ecuacién 2.3 para evaluar 2.4, teniendo como resultado

dx
P {A,H}
dx O0H 0Jx daU
{x,H} = 9% op 9p ox
p (2.5)
“m
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Lo cual es equivalente a la primera relacién que aparece en 2.2 puesto que dx/dp = 0,y por lo tanto

la posicion evoluciona segin x = p/m como es de esperarse. De igual manera, haciendo A(x, p) =

p Y sustituyendo este valor en la ecuacion 2.3 para evaluar 2.4, tenemos que

_Opp OdpdU (2.6)

Donde hemos obtenido la segunda relacion de 2.2. De esta manera vemos que la evolucion de los
momentos nos da la fuerza. Ademas, usando los paréntesis de Poisson podemos obtener las
ecuaciones de movimiento para cualquier sistema dado un Hamiltoniano. Ahora, si definimos un
vector bidimensional dado por T' = (x,p) y escribimos las ecuaciones de Hamilton en términos de

I segun la ecuacion 2.3 de tal forma que

Y definimos un operador actuando sobre T que sea equivalente a los paréntesis de Poisson
iLT = {T,H} (2.8)

donde el operador iL es conocido como el operador de Liouville. Siempre y cuando el Hamiltoniano
no dependa explicitamente del tiempo, las ecuaciones de movimiento de acuerdo con este operador

pueden escribirse como

I =iLl
aw_ (2.9)
dt |

integrando ésta Ultima relacion desde I'(0) hasta I'(t) el lado izquierdo y desde t, = 0 hasta t el lado

derecho, encontramos que la solucion para 2.9 queda formalmente determinada por

I = ellt ro) (2.10)

Donde el operador exp(iLt) es conocido como el propagador clasico, T'(0) son las condiciones

iniciales, es decir, posiciones y momentos a t = 0, ri(0), pi(0); t representa el tiempo total de
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integracion y I'(t) el estado final del sistema al tiempo t = At con las nuevas posiciones y momentos

r;(t), p;(t). Aunque la ecuacion 2.10 es solamente una solucion formal a la ecuacion 2.9, es el punto

de partida para la derivacion de esquemas de integracién numéricos.

2.3 Algoritmos simplécticos

En la construccion de esquemas de integracion, es importante tener en cuenta dos propiedades

caracteristicas de los sistemas Hamiltonianos.

La primera es que deben cumplir con el Teorema de Liouville, el cual establece la conservacion del
elemento de volumen del espacio fase. Por otro lado, la segunda propiedad se refiere a la
reversibilidad en el tiempo de las ecuaciones de Hamilton. Esta propiedad implica que si una
condicion inicial x, evoluciona a un tiempo t, el sistema regresara a su estado inicial en otro intervalo
de tiempo de longitud t. Cualquier esquema de integracion aplicado a las ecuaciones de Hamilton
deben respetar estas dos propiedades. Los integradores que cumplen con estas dos propiedades son

Ilamados integradores o algoritmos simplécticos.

2.4 Ensamble microcanonico (NVE)

Un algoritmo que nos permita determinar las posiciones y momentos de un sistema en cualquier
instante de tiempo usando las condiciones iniciales se le llama un integrador numérico. Existen
buenos algoritmos de movimiento, es decir que cumplan con la conservacion del volumen del espacio

fase y que cumplan con las propiedades de reversibilidad.

A continuacion, se muestra el algoritmo para energia constante implementado en el cédigo HIMD
aplicando la tecnologia de GPU. Para mayor detalle de las ecuaciones y resultados véase de Roberto

Lopez Rendon y colaboradores [43].




At At
for i1=1 to N P (—}) —_— p,I'||]+TF,i”]

(L2
for 1=1 to N ri (At) — r(0) + At (pl,—J)
! ]
Calcular las fuerzas F;{Af)
for 1=1 to N pilAf) — P (i) + %F,ilf]

Fig. 1 Algoritmo Verlet de velocidades al utilizar la metodologia de los propagadores.

Donde F; es la fuerza, Pi es el momento de la particula i, respectivamente, ri es la posicion, mj es la
masa y At es el tiempo de integracion de la dinamica. Este pseudocodigo representa el algoritmo
Ilamado Verlet de velocidades que se obtiene de forma natural al usar la metodologia de los
propagadores. La descripcion es como sigue. Para avanzar los atomos At se necesita conocer la
posicion y el momento a un tiempo inicial to. Primero se calcula el momento a la mitad del tiempo
At/2, con ese momento se calculan las nuevas posiciones al tiempo At, con esas posiciones se calcula
la fuerza al tiempo At y finalmente con la fuerza al tiempo At y el momento al tiempo At/2 se calcula
el nuevo momento al tiempo At. Esto seria para un ciclo de dindmica molecular y para cada particula

0 4tomo.

2.5 Ensamble canonico (NVT)

Una manera eficiente de mantener la temperatura constante en una dinamica molecular es con la
metodologia del Ilamado espacio fase extendido propuesta por Andersen [17]. En esta metodologia
las posiciones y momentos de las particulas estan complementadas por variables adicionales en el
espacio fase que controlan las fluctuaciones de la temperatura. Los métodos ampliamente utilizados
para realizar la simulacion de un ensamble NVT que se basan en el esquema de sistemas extendidos
son el Termostato de Nosé-Hoover (NH) [18-19] y el de Cadenas de Termostatos de Nosé-Hoover
(NHC).

La metodologia de NHC es una generalidad del método de NH y fue propuesta por Martyna, Klein y
Tuckerman (MTK) [21]. La idea es acoplar el termostato del sistema fisico real a una cadena de
termostatos, e incorporar el Hamiltoniano extendido estos grados de libertad. Solo el primer
termostato ya definido por NH interactla con el sistema real y los demas estan acoplados entre ellos.

El espacio fase que generan las NHC esta formado por un conjunto adicional de variables extendidas
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que evolucionan tanto sus posiciones como los momentos. De esta manera un punto en el espacio

fase estd complementado por dichas variables extendidas de la siguiente manera

r(t) = (pi) ri, {pr]}' {U} (211)

Donde p,, es el momento y 7 es la posicion por molécula de las variables extendidas. Las ecuaciones

de movimiento propuestas por MKT para simular un sistema en el ensamble candnico son:

. Pi
r, = —
m;
. Py,
P: z - Q_nlpl
. Nk
Mk 0x , ( )
pnk = Gk - an+1 pnk k = 1,..M—-1
. k+1
pnM = GM

Donde Qy, es la masa de los termostatos, las G’s son las fuerzas del bafio

N 2
G, = zp—‘ _3Nk,T
= M

pZ
Gy = -1 _ k,T
Qk-1

(2.13)

La temperatura esta controlada mediante estas fuerzas que a su vez influyen en los momentos de los
termostatos en la cadena. Si hacemos M = 1 es equivalente a tener el termostato original de NH y
eliminando los termostatos nos lleva al ensamble NVE. La fisica incorporada en las ecuaciones 2.12
esta basada en el hecho de que el término —(p,,/ Q1)p; actia como un tipo de fuerza de friccion
dindmica. Esta fuerza de friccion regula la energia cinética de modo que su promedio es el valor
canonico correcto. De una manera similar, la variable del bafio (k + 1) sirve para modular las
fluctuaciones en la k-ésima variable de modo que cada variable del bafio es conducida a tener un

promedio canonico propio.

M
dNn, + Z le]
k=2

M pz
H' =H(p,r)+ Zﬂﬂch
k=12Qk

Donde H(p, r) es el Hamiltoniano del sistema fisico.

10
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llegar al siguiente esquema:
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De acuerdo al trabajo de Roberto Lépez Rendon [43], aplicando matematicas y algebra se puede

At .
Thermo — Update (—) {n}. {p.,}»_p.-) e P
& + -
Tr;
At At ¢
for 1=1 to N Pi (—)) — pi(0)+ TF,[IJ] . P
) At (At by = Fi— 6 :
for i=1 to N r;(Af) «— r(0)+—p,; (—]) D vl
ey & - . T . LY
Calcular las fuerzas F;(Af) e = Q k = IR M
A\ At k
for i=1 to N pilAf) — pi (—) + —F;(At) . Prpia
pv;k F Q p'r;k_
Thermo — Update (_\—: {n}.Ap,}. p,) . . A1
- p??_ru — (-Tf'bf

Fig. 2 Algoritmo NVT incorporando los termostatos de NHC.

El ensamble NVE se encuentra en la parte central.

En estas ecuaciones se puede ver la implementacion del algoritmo NVT en un cédigo de Dindmica

Molecular. La parte central corresponde al ensamble NVE. Termo — update es la rutina donde se

incorporan los termostatos de NHC vy se aplica al inicio y al final de la dindmica. Las siguientes

ecuaciones que se programan en la rutina Termo — update escritas en términos de velocidades,

corresponde a escalar las velocidades de las variables extendidas del primer termostato que esta

acoplado a las particulas o0 atomos del sistema.

2.6 Ensamble Isotérmico-lIsobarico (NPT)

En estos algoritmos, el volumen es introducido como una variable dindmica adicional junto con una

variable correspondiente al momento con el fin de mantener las condiciones isobéricas del sistema.

Para entender la metodologia que genera un algoritmo de movimiento gque conserva el espacio fase,

ver Lopez Rendon [43], en el cual se implementa un algoritmo en un cédigo de Dindmica Molecular

para realizar simulaciones NPT.
I
P

Volumen

‘;f

P

P Pe
= r;
eh N W
L1\ b b

P (1 L) Py, P

_ ( N N) WP Qb
dVv
b

| N

_ 1 p;  pe
dV Ijin - pY m o Qp )

( t e‘t) + N — ™M Qllp

( 1
( 11



Termostato
H:
p e

P A
Barostato

&k
jjfk

pEM

_ Pme k=1
Qx
¥ Py,
= O G
- GM’
By, L
k
o Pegiiq
= ( — Des
b
- i\/I

Fig. 3 Algoritmo NPT.
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CAPITULO 3

3. Hipotesis

Derivado de la estructura de los algoritmos utilizados para el termostato de las cadenas de Nose-
Hoover, se intuye que su implementacion en arquitecturas unificadas para computo en paralelo es de
manera natural, por lo que su eficiencia sera maximizada al ejecutarse en unidades de procesamiento
grafico (GPU).

——
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'



“ N

CAPITULO 4

4. Objetivos

Los objetivos del presente proyecto son:

4.1 Objetivo General
El objetivo general de este proyecto de tesis conlleva dos componentes principales. Una va dirigida

a la implementacion de novedosos algoritmos para realizar simulaciones de sistemas bioldgicos a
gran escala en diversos ensambles estadisticos como son a temperatura constante. La segunda
directriz va encaminada en el desarrollo e innovacion de tecnologia de software de simulacién

molecular con el desarrollo del codigo HIMD (Simulaciones Atomisticas).

4.2 Objetivo Especifico
La manera de garantizar llevar a buen término las metas propuestas de este proyecto es mediante la

ejecucion de los siguientes objetivos especificos:
1.- Revisar y documentar la derivacion de algoritmos de dindmica molecular a partir del operador de
Liuoville [22-23].

2.- Revisar y documentar la derivacion de ensambles estadisticos a temperatura y presion constantes
(Candnico e Isotérmico-lIsobarico) bajo el contexto de sistemas extendido como las Cadenas de Nose-
Hoover [21].

3.- Implementar los algoritmos desarrollados por Roberto Lopez-Rendén y colaboradores en el

cddigo de simulacion molecular HIMD en tecnologias de GPUS [43].

4.- Validar los resultados obtenidos del codigo escrito en GPU contra los resultados reportados por la

literatura.

5.- Realizar pruebas de desempefio del cddigo escrito en GPU en las diferentes tarjetas GTX de Nvidia

instaladas en la supercomputadora Olinka de la Facultad de Ciencias.

14
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5.1 Metodologia

La metodologia utilizada en la realizacion de este proyecto se centra en los métodos de simulacion

molecular. Especificamente, el método de dindmica molecular el cual se basa en resolver
numéricamente las ecuaciones clasicas de movimiento. El estudio tedrico - computacional de
cualquier sistema a nivel molecular involucra hacer uso de un modelo de potencial de interaccion, tal
modelo debe estar conformado por un conjunto de ecuaciones analiticas 0 empiricas que describan
las interacciones moleculares. La calidad de los resultados obtenidos con esta metodologia depende
basicamente del potencial de interaccion o campo de fuerzas usado para describir cada uno de los
grados de libertad del sistema. Para lograr este desafio, es necesario contar con una infraestructura
metodoldgica capaz de atacar estos problemas. Se han desarrollado algoritmos mas eficientes para
estudiar la dindmica de sistemas complejos bajo distintas condiciones termodindmicas, estos
algoritmos disefiados bajo en contexto de operadores de Liouville son capaces de conservar el espacio

fase.

5.1 Dindmica Molecular

La dindmica molecular [26] es una técnica de simulacion computacional que estudia el
comportamiento de un sistema de muchas particulas calculando la evolucion en el tiempo y
promediando una cantidad de interés sobre un tiempo suficientemente largo. Para esto es necesario
integrar numéricamente las ecuaciones de movimiento de un sistema de N particulas a través de la
segunda ley de Newton:

dzri . (5-1)
Fi = miﬁ l = 1,...,N

Donde F; son las fuerzas que actian sobre cada particula debidas a un potencial por pares U (ry;),

esto es:

(5.2)
Fi = ZFU
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F; j es la fuerza entre las particulas iy j que esta expresada en términos del potencial:

N N
ZFU =—ZVU(7‘”) (53)

i£j i£j
Por lo tanto, tenemos:
N N
z [ dU(ry) 1y (5.4)
i Y i drij Tij
L#] 1#]

Donde rij = |ri — rj| es la distancia relativa entre los centros de las 2 particulas.

Q.

molécula 1 molécula f

Fig. 4 Interacciones en el modelo atomo-atomo entre moléculas distintas donde el atomo a = 1 de la molécula i

interacciona con los 4&tomos de la molécula j y asi sucesivamente con los deméas atomos.

El corazon de una simulacion con dindmica molecular depende de una descripcién adecuada del

sistema en términos del potencial de interaccion.

5.2 Condiciones Iniciales

El primer paso en la simulacion de cualquier sistema mediante DM es especificar las posiciones
iniciales de las particulas que lo constituyen. Consideremos un sistema compuesto por N particulas.
La forma maés sencilla de establecer la estructura inicial de un fluido, cuya densidad numérica de
particulas sea p, consiste en asignar posiciones aleatorias a las N particulas dentro de un volumen
N/p. Sin embargo, este procedimiento plantea serios inconvenientes practicos, ya que algunas
particulas pueden quedar muy préximas entre si, ocasionando que la energia de interaccion entre ellas
sea extremadamente alta, una situacion muy improbable en la realidad y que, ademas, dificulta la

integracion de las ecuaciones del movimiento del sistema. Por ello resulta conveniente situar a las
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particulas inicialmente en las posiciones de una red cristalina, lo que evita traslapes fortuitos entre

ellas. Esta estructura cristalina se fundira al iniciar la propagacion del sistema, equilibrandose para
llegar a las temperaturas y densidades tipicas de los fluidos simulados. En principio puede elegirse
cualquier tipo de red cristalina. En la préactica, se comprueba que los resultados de la simulacion son
independientes de cudl sea la red cristalina inicial. Por ello, se utiliza la mas sencilla de todas, la red
cubica centrada en las caras (FCC, face centered cubic) [25]. El nimero de 4&tomos contenidos en una
red serd N = 4n3, siendo n un nimero entero positivo. Ello implica que la red solo puede construirse

con unos determinados nimeros de atomos: 32, 108, 256, 500, 864 y asi sucesivamente.

Una vez asignadas las posiciones de todos los atomos del liquido, deben especificarse también sus
velocidades iniciales. Lo usual es elegir estas velocidades de forma aleatoria dentro de cierto

intervalo, distribuidas de manera uniforme o mediante una distribucion gaussiana.
5.4 Distribucion inicial de velocidades
La distribucion inicial de velocidades parte de una distribucion de Maxwell-Boltzmann [54].

1 2
m 71z _Mie (5.5)
P(via) = [anBT] e Ht

donde v; , es el componente o (= X, y, z) de la velocidad del 4tomo i. La distribucion puede ser
utilizada para definir la temperatura instantanea T (t) utilizando el teorema de equiparticién

muv?

)

1
) = ~ksT (5.6)

que relaciona la energia cinética media con la temperatura (<...> - promedio de conjunto). Ec. (5.6)
se puede obtener directamente de la Ec. (5.5). Porque la media del conjunto corresponde a la media

de todas las velocidades de los &tomos, la temperatura instantanea T (t) es

kgT(t) = % vafa (5.7)
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donde Nt es el nimero de grados de libertad. Por lo tanto, la Ec. (5.7) nos permite calcular la

temperatura instantnea a partir de la distribucion de velocidades. También esta claro que, para una
dada la realizacion de la distribucion de velocidad, T (t) no es estrictamente igual a T. Aunque las
velocidades se generan utilizando la distribucion en la ec. (5.5) a la temperatura T, la el sistema
molecular contiene solo un nimero finito de atomos y el (instantaneo) la temperatura T (t) se desviara

de T. Para mantener la temperatura constante, se puede volver a escalar las velocidades de acuerdo a

T (5.8)
Vig = |/ Vi
La T(t) L
Es sencillo mostrar que la temperatura instantanea después de volver a escalar 7°(¢) =T. Si no se
realiza el reescalamiento, las fluctuaciones relativas de temperatura en el sistema de N atomos estan

dados por (para el sistema de aproximadamente 1000 atomos las fluctuaciones en T (t) son ~ 3%).

AT() _ (T2(0) — (T2 _
7o) @)

vk (5.9)

5.5 Condiciones de frontera periddica

Una caracteristica especial cuando se realiza una simulacién de DM es principalmente el nimero de
particulas que integran el sistema a modelar. Principalmente cuando se realizan simulaciones que
implican a cientos o miles de a&tomos. El tiempo que realizan de uso de computo en los programas de
DM crece exponencialmente con el numero de atomos que se desean modelar, esto se debe por la
evaluacion que realizan las fuerzas entre los atomos, por lo que es necesario mantener un numero tan
reducido como sea posible. Sin embargo, el problema es que en un sistema de tamario tan reducido
(comparado con el nimero de particulas de una mol, del orden de 10%) no es representativo del seno

de un liquido, ya que el sistema esta dominado por los efectos de superficie.

Debido a lo anterior, esto se logra resolver cuando se aplican las denominadas condiciones de frontera
periodica [54]. Con esta técnica el cubo en el cual se encuentra el sistema, la celda primaria, es
rodeado por réplicas exactas en todas las direcciones, las cuales son llamadas celdas iméagenes, con
la cual se forma una red infinita. Con esto las celdas imagenes almacenan los mismos atomos que la

celda primaria y, durante una simulacion, cada uno de los atomos de las celdas imagenes se mueve
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de la misma forma que los atomos de la celda primaria. Asi, si un atomo de la celda primaria la

abandona por una de sus caras, su imagen de la cara opuesta entra en la celda primaria.

o
o
o

o
-3
ol

§
i

Fig. 5 Condiciones de frontera periddicas en un sistema periédico bidimensional.

La celda sombreada corresponde a la celda central.

5.4 Potencial de interacciéon

El éxito de una simulacién con DM dependeré del empleo de un modelo de potencial adecuado que
contendra la fisica esencial del sistema. De la fidelidad con que éste represente las interacciones reales
entre las particulas dependeréa de la calidad de los resultados. EI campo de fuerza de CHARMM [55]
es un campo de fuerza que va encaminado al modelado de grandes biomoléculas tales como proteinas

o0 polimeros. Se divide en 2 contribuciones:

5.4.1 Potencial intramolecular
Se refiere a las contribuciones dentro de una molécula que se toman en cuenta para realizar

una dindmica [55], como son:

Distancia de enlace (armoénica o rigida)

Se pueden modelar mediante una funcién de tipo armoénico.
k
U(rij) = 77‘ (rij - TO)Z (510)

Donde:

r3; €s la distancia relativa entre los atomos i y

1o €s su distancia de equilibrio k,
k, constante de enlace .'——.
i J

T

Fig. 6 Distancia de enlace.
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Angulo de enlace (se forma con 3 angulos adyacentes)

Estan relacionados con la estructura de la molécula que a su vez estan relacionados con la

disposicion de los pares de electrones.

U(Biji) = % (81 — 60)* (.11)
Donde:
6;jx es el angulo de enlace entre los atomos i, j y k
0, es el angulo de equilibrio

kg es la constante de enlace

Fig. 7 Angulo de enlace.

Angulo de torsion (se forma entre el plano de 4 4&tomos consecutivos)
Se incluyen con el proposito de conservar la geometria molecular en conformaciones

predeterminadas.

U(bijur) = Z% [1+ cos(ne — )] (5.12)
Donde:
n indica en nimero de minimos que presenta la superficie de energia potencial de 0°a 360°
1}, es la constante asociada a la barrera de rotacion
¢ es el angulo de torsion relativo que conforman los dos planos formatos por las particulas i, j, k en
uncasoy j, k, I en el otro caso

¢, es el angulo de torsion donde la energia potencial pasa a través de su valor minimo.

Fig. 8 Angulo de torsion.
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5.4.2 Potencial intermolecular

Potential de Lennard-Jones.

Describe las interacciones entre atomos de liquidos y las interacciones tipo Van der Waals entre
atomos de moléculas diferentes [55]. Para el sistema analizado en el presente estudio la interaccion
entre el 4tomo a en la molécula i y el &omo b en la molécula j es representado por la siguiente
expresion.

N-1 N N; Nj

N-1 N Ni Nj " 12 " 6 (5.13)
b b
=3 2D D ) = 3, D 3 dew|(722) (72
i=1 j>i a=1b= i=1 j>i a=1b= Tiajb tajb

12
El termino ( “b) describe la repulsion y el termino (
Tiajb

- ) describe la atraccién entre los atomos,
iajb

o4p €S la medida del didmetro de los &tomos que interactian y €, es el parametro que representa la

medida de atraccion entre los sitios en moléculas distintas, r;,;;, es la distancia entre el sitio a en la
molécula i y el sitio b en la molécula j, Figura 9.

— Potential

* Force
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)

Repulsive
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-
-
-
-
[
=
-
.
.
-
-
.
-
-
-
-
-
.

.

.

Dimensionless

Attractive

-0.2

1.2 1.6 2

Separation distance (r/c)

Figura 9. Potencial de Lennard-Jones. La linea azul representa lo atraccion de los atomos y la linea roja su repulsion
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Potencial de Coulomb.

Teniendo en cuenta las cargas puntuales atomicas, este potencial permite modelas las interacciones
electrostaticas producidas debido a la distribucion de cargas dentro de la molécula.

1 qiaqjp
4TEy Tiajp

(5.14)

(o

Donde ¢, es la permitividad en el vacio y 4, la distancia relativa entre la carga q;, del atomo a en
la molécula i,y q;, lacarga del atomo b en la molécula j.

5.5 CUDA: Una plataforma para computo heterogéneo
CUDA [51] es una de las interfaces de programacion para calculo paralelo desarrollado por la

empresa NVIDIA la cual aprovecha la gran potencia de las GPU (unidad de procesamiento gréfico)
en donde se obtiene un incremento considerable en la ejecucion de operaciones de un sistema. Hoy
en dia, miles de personas dedicadas al desarrollo de software, cientificos e investigadores han
encontrado un gran aliado al desarrollar aplicaciones practicas para esta tecnologia. El disefio de la
arquitectura de trabajo de CUDA permite la operacion y comunicaciéon de un GPU con un CPU a
través de un bus PCI-Express.

ALU ALU —
Control —
ALU ALU —
Cache —
PCle Bus
DRAM DRAM
CPU GPU

Fig. 10 Comparacion arquitectura de CPU y GPU

Un tipico procesamiento de un programa basado en CUDA sigue el siguiente flujo:

- Se copia datos de la memoria del CPU a la memoria del CPU
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Se invoca el kernel para ejecutar los datos almacenados en la memoria de la GPU

Se copian los datos de la memoria del GPU al CPU

aplicacion.

CUDA C/C++ Application

Host = CPU
Host code §§§§

Device = GPU

SN - 7 ) - )
Host code o gggg

Fig. 11 Flujo de ejecucion de un programa basado en CUDA

Parallel code

La plataforma de CUDA es accesible a través de bibliotecas basadas en C y C++ que cuenta con
directivas de compilacion y aplicaciones para interfaces de programacion. Debido a su alto potencial
de célculo se han realizado extensiones a lenguajes estandar en la industria entre los que se pueden

mencionar Fortran y Python, entre otros, con lo cual se puede utilizar en diversos campos de

GPU Computing Applications

Libraries and Middleware

CUFFT VEFL

CUBLAS CULA Thrust S PhysX - MATLAB
CURAND MAGMA NPP Ooartirent Optix Y Mathematica
CUSPARSE P

Pregramming Languages

Figura 12. Librerias y lenguajes de programacion en CUDA
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The prostate-specific membrane antigen (PSMA) is a 100 kDa type Il transmembrane glycoprotein
with enzymatic activity similar to the family of zinc-dependent exopeptidases. This protein is of great
medical and pharmacological interest as overexpression in prostate cells is related to the progression of
prostate cancer; therefore, it represents an important target for the design of radiopharmaceuticals. The
presence of two Zn? ions in the active site is crucial to the enzymatic activity and the design of
high-affinity inhibitors. The amino acid residues coordinating these ions are highly conserved in
PSMA orthologs from plants to mammals, and site-mutagenesis assays of these residues show a loss of
enzymatic function or reduction of the kinetic parameters. In the present work, we performed molecular
dynamics simulation of PSMA with the purpose of characterizing it energetically and structurally. We
elucidated the differences of PSMA with its two Zn? ions as cofactors and without them in the free
energy profile, and in four structural parameters: root mean square deviations and root mean square
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fluctuations by atom and amino acid residue, radius of gyration, and solvent accessible surface area.

1. Introduction

Prostate cancer isaglobal problem since it is the second type
of cancer with the highest incidence and the fifth with the
highest number of deaths among men, while in Mexico it
is the cancer type with higher incidence and mortality rate
[1]. The Prostate-specific Membrane Antigen (PSMA) is a
type Il transmembrane glycoprotein of 100 kDa composed
of 750 amino acids with at least three functions: hydrolytic
NAALADase activity, folate hydrolase and dipeptidyl
peptidase IV activity [2-4]. This protein is overexpressed
in poorly differentiated and metastatic cells; consequently,
it is considered an important indicator of prostate cancer
and a target for the development of many inhibitors [5-6].
Recently, small molecule inhibitors (SMI) targeting PSMA
have been developed; these are zinc- binding compounds
linked to glutamate or a glutamate isomer. Urea-based
SMI (Glu-urea-R) have demonstrated to specifically bind
to PSMA and inhibit its activity in the LNCaP cell line.
In such compounds, Glu-urea is the binding terminal and
the R-group is the coupling terminal to other chemical
groups such as a linker and a chelator associated with
radionuclides [7-10].

The theranostic agents are based on the use of a
radionuclide with the same PSMA-targeting ligands for
therapy and diagnosis; for this purpose *’Lu, #*Ac, and **
have been used. Particularly, *’Lu associated with PSMA-
617 has provided a safe and effective therapy in patients
with metastatic castration-resistant prostate cancer [11-14].
PSMA-617 is a ligand conformed by a DOTA chelator
(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic  acid)
conjugated with Glu-urea-Lys pharmacophore by a linker
composed of two aromatic rings; it was designed for labeling
with *’Lu and ®Ga to achieve high-quality image and
efficient endotherapy [15-16].

Crystallographic structural studies of PSMA made
possible to elucidate the interaction of the protein with the
inhibitors. Structural information of PSMA is available only
for the extracellular part of the protein (residues 44-750). It
reveals that the protein exists as a symmetrical homodimer
in vivo, each polypeptide monomer having three structural
domains: a protease-like domain (residues 56-116 and 352-
591), an apical domain -also called the protease-associated
domain- (residues 117-351), and the helical domain -
also called the C-terminal domain- (residues 592-750).
[Figure. 1]. The active site of the protein contains a binuclear

The Author(s) 2018. This article is published with open access at www.chitkara.edu.in/publications.
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Figure 1. PSMA structural domains. a) lateral view and b) superior view. The protease domain (56-116 and 352-591) is colored in red, the
apical domain (117-351) in blue, and the helical domain in green (592-750).

Zn active site, catalytic residues, and a substrate-binding
arginine-rich patch. A water ligand bridges the two zinc
atoms, each coordinated by endogenous ligands: Zn(1) by
His553 and Glu425, Zn(2) by His377 and Asp453, both
atoms bounded by Asp387. Glu424 and Tyr552 have the
catalytic function. A substrate/inhibitor-binding cavity with
an area of about 1100 A? and a diameter and deep of about
20 A, isformed in the interface between the three domains;
this interface is considered large as it buries around 4600 A2,
It is localized in the helical domain and is formed by two
pockets, S1'(pharmacophore) and S1(non-pharmacophore).
The cavity has an arginine patch (Arg463, Arg534, and
Arg536) involved in the right orientation of the substrate
for catalysis; it is aligned with the S1 which has a chlorine
ion that keeps Arg534 in a conformation that allows the
interaction with the substrate, while Arg536 and Arg463
are flexible conferring tolerance to different chemical groups
[Figure 2]. The "glutarate sensor" is responsible of detecting
the absence or presence of glutamate in S1' pocket and
is formed by residues 692-704 together with Lys699 and
Tyr700, which are also important for the specific binding of
glutamate along with Arg210 in the apical domain [17-19].
The pharmacophore Glu-urea-Lys (iPSMA) [Figure
3] is capable of binding with PSMA because it has three
carboxylic acid groups. The glutamate-urea fraction of
the inhibitor has a predispositionto be oriented towards
S1', and lysine is used for conjugation or derivatization,
through the free amine, with a linker region or a chelating
agent residing in S1. When both pockets are occupied, the
hydrophobic contact (due to an aromatic agent) increases
resulting in higher affinity [20,21]. The affinity to PSMA is
due to the binding of glutamate by its -carboxylate, which

forms a bridge with the guanidinium group of Arg210, and
hydrogen bonds with the hydroxide groups of Tyr552 and
Tyr700, while the -carboxylate interacts with Lys699 and
Ans257. The catalytic activity is carried out by Glu424, that
extracts a proton from the water molecule situated between
the zinc atoms and activates it [19,22]. The urea group
serves as a zinc-binding group (ZBG) because the oxygen
of the molecule interacts with Tyr552, His553, the active
water molecule and Zn(1), while N groups form hydrogen
bonds: N(1) with the main carbonyl chain of Gly-518 and
the carboxylate of Glu-424, and N(2) with -carbonyl of
Gly-518 [19, 23-24].

Figure 2. PSMA active site. Zinc ions are observed as red spheres,
while the coordinating ligands of these ions are presented as
magenta sticks. The substrate binding cavity is colored in blue, the
arginine patch in orange and stabilizing ligands in green.
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Figure 3. iPSMA structure (Glu-urea-Lys. a) The pharmacophore is composed by a glutamate (red), urea (green) and lysine (blue). b) Oxygen
atoms are colored in red sticks, carbon colored in green sticks, hydrogen colored in white sticks and nitrogen colored in blue sticks.

2. Method
2.1 Theoretical model

To evaluate the structure of a biomolecule, we calculate the
Root Mean Square Deviation (RMSD) between its atoms
or residues, which allows comparing its molecular structure
reached at any time t, with respect to another structure
that occurred at a reference t,, for this purpose we use the
expression

)
N

RMSDt,, t, [nt.nt, I 1)

1 N
“m
M i

Where m, is the mass of the atom or residue i in the position
r, and therefore M m, Is the total mass of the

system.

It is possible to analyze the flexibility of the protein
through the oscillations of its amino acids, this property can
be estimated through the Root Mean Square Fluctuation
(RMSF) which can be calculated using

1
2

Irtrt, |

1 T
RMSF(i)
1

)

Where T isthe time over which the average is calculated.
To have a rough measure for the compactness of a

protein structure, we calculate the radius of gyration with

1
N 2
Al
1 =

m
il

®)

Where m. isthe mass of atom i and r, the position of atom i
with respect to the center of mass of the molecule.

The Solvent Accessible Surface Area (SASA) of a
molecule is the region of its surface that has contact with
the solvent and is, therefore, an indicator of the structural
changes generated during the folding of the protein because
SASA isdirectly proportional to its free energy.

2.2 Methodology

For in silica analysis we used classical Molecular Dynamics
(MD), the atomic coordinates for PSMA were extracted
from the 1Z8L crystal structure in the Protein Data Bank.
The protein was solvated using atomistic TIP3P water in a
cubic box with at least 10 A distance around the complex.
We used the CHARMM force field. The two initial stages
in the preparation of the systems, the stages of minimization
and equilibration, were carried out using the NAMD2.6
program. First, the systems were minimized for 10000
steps, then thermalized for 10 ps at 300 K reinitializing
the velocities every 20 ps. The equilibration of the systems
was carried out with NAMD?2.6 under periodic boundary
conditions, time step 2 fs, cutoff 9 A, Langevin damping 0.1/
ps. The long-range electrostatic interactions are accounted
for using the particle mesh Ewald method, with a maximum
grid spacingof 1.0 A. Bond lengths are maintained rigid
with the SHAKE. A final run of 100 ns was executed to
assure that all properties, such as potential energy, van der
Waals and electrostatic interactions, are in thermodynamic
equilibrium. After 15 ns these quantities remain stable.

After the initial equilibration phase, the production
simulation (100 ns) was carried out using platform ACEMD.
This simulation was conducted in the NVT ensemble which
resulted from the equilibration phase. We use a longer
timestep of 4 fs thanks to the use of the hydrogen mass
repartition scheme implemented in ACEMD. Coordinate
snapshots were generated every 5 ps collecting a total of
5000 conformational states for subsequent post-production
analysis. The structural analysis presented in this work
was held on 100 ns of simulation time. Molecular images
displayed in this work were produced using PyMOL.
All simulations referred were performed at our Cluster
OLINKA, aplatform designed to run molecular simulations
to multiscale with GPUSs.

3. Results and Discussion

It is noteworthy that the active site iscentered around the two
zincions, and separates the S1' and S1 pockets. One of the
Zn? is considered the catalytic ion, coordinated by His553
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and Glu425, and the other is the co-catalytic, coordinated
by His377 and Asp453. Asp387 and a water molecule bridge
the two zinc atoms thus forming a coordination sphere [19].
These five Zn-coordinating residues were implicated in site-
mutagenesis experiments resulting -with exception of the
specific Asp387Asn substitution-, in no detectable enzymatic
activity or an enzymatic activity too low for determination
of kinetic parameters of PMSA mutants. The importance of
these amino acids for PSMA activity is further noted in the
fact that they are highly conserved in PSMA orthologs from
plantsto mammals [17,25].

Zn atoms are crucial for the enzymatic function of
PSMA and for the design of inhibitors. In fact, the presence
of a zinc-binding group is a fundamental feature in the
design of high-affinity inhibitors of PSMA; among the
substances that exhibit these groups are thiols, phosphonates,
hydroxamates, phosphinates, phosphoamidates, ureas, and
sulfonamides [19]. Once established the crucial role of Zn
atoms, this work elucidates the differences in the free energy
profile and four structural parameters of PSMA with the
two Zn atoms as cofactors and without them: RMSD and
RMSF by atom and amino acid residue, radius of gyration
and SASA.

Radius of gyration

) ! . ! ) 1 . ! .
45 20 40 60 80 100

Time (ns)

Figure 4. Radios of gyration (Rg) graphic over time showing the
results from the simulation of the protein with and without the
zinc atoms in the active site.

Radius of gyration gives an idea about the compactability
of the molecule during time, since it providesan average
of the expansion of its atoms with respect to its center of
mass. When comparing the PSMA simulated with and
without the zinc ions, it is visible that the PSMA with de
zinc ions became more expanded over time than the other
[Figure 4], consequently the zinc ions make the structure
more receptive to the substrate/inhibitor by adopting an

( E#’\ jQ‘f )
expanded geometrical conformation that alloWs#s entrance.

On the other hand, the RMSF (which is associated with
flexibility) shows that the zinc coordinating amino acids of
the Zn(1): His-553 and Glu-425, including Asp-387, are
more flexible when simulated with the ions , while in the
case of Zn(2): His-377 and Asp453 the flexibility is slightly
higher [Figure 5]. This information is consistent with the
fact that Zn(1) is consider the catalytic ion and as a result
the coordinating amino acids need more flexibility for the
interaction with the substrate/inhibitor, whilst Zn(2) is
considered co-catalytic and the amino acids may not need
to be so flexible [19].

RMS fluctuation

1 L I & 1 * T * I s I % |

(nm)

Figure5. Root Mean Square Fluctuation (RMSF) graphic. The
RMSF is related to flexibility and is calculated for each of the amino
acids conforming the PSMA, the resulting variations are shown.
a) PSMA without zinc and b) PSMA with the zinc ions.
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Figure 6. Solvent Accesible Surface Area (SASA) graphic showing
the results over time for the PSMA with and without zinc ions.
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Figure 7. Root Mean Square Deviation (RMSD) graphic. The
RMSD is related to structure stability of the atoms or residues over
time of PSMA with and without the zinc ions.

In the RSMF, significant changes in flexibility between
the two conditions are not observe in the substrate binding
cavity (residues 687-704) and in the "glutarate sensor"
(residues 692-704) indicating that the zinc atoms have no
impact in these regions. The same situation was observed
in the arginine patch (Arg-534, Arg-536 and Arg-463)
meaning that the zinc ions do not play an important role
in the right orientation of the substrate/inhibitor since
the arginines are responsible of that task [17]. However,
in Tyr-552 and Glu-424, to which catalytic activity and
substrate recognition have been attributed respectively,
more flexibility was observed in PSMA with the zinc ions
confirming the significance of the interactions between the
zinc ions and these amino acids in the active site [18]. The

Y/
results from SASA are consistent with Rg, aeg@kdingly with

the fact that the PSMA with the zinc ions is more expanded,
it also has more solvent accessible surface area conferring
it more free energy [Figure 6]. The RMSD shows that the
PSMA with the zinc ions has more structural stability as it
has less variations during time compared with the simulation
without them. Therefore, the zinc ions are important for the
structural stability of the protein [Figure 7].

4. Conclusions

In silico analysis of the PSMA showed that its structural
stability has a direct and intrinsic dependence of its active
center, in fact, the tests performed on the protein excluding
the Zn atoms are conclusive to affirm that PSMA not only
loses affinity to bind with molecules like inhibitors, also
their energy capacity is diminished; however, there are
regions between residues 100-122 and 640-730 that exhibit
structural stability regardless of the absence of the Zn atoms.
The tests carried out on PSMA with and without the heart
of its active center, the Zn atoms, allowed us to conceive the
protein as a closed system, with less energy and flexibility (in
the absence of atoms). This situation is completely opposite
when they are incorporated, which can be interpreted that
PSMA behaves like a biological trap dependent on Zn. The
CHARMM force field used was appropriate for modeling the
PSMA interactions and can be adapted to study the processes
involved in the active center in the presence of a urea-based
inhibitor and, of course, a therapeutic radiopharmaceutical.
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Abstract: Molecular dynamics simulation is currently the theoretical technique eligible to simulate
a wide range of systems from soft condensed matter to biological systems. However, of the excellent
results that the technique has arrogated, this approach remains computationally expensive, but with
the emergence of the new supercomputing technologies bases on graphics processing units
graphical processing units-based systems GPUs, the perspective has changed. The GPUs allow
performing large and complex simulations at a significantly reduced time. In this work, we present
recent innovations in the acceleration of molecular dynamics in GPUs to simulate non-Hamiltonian
systems. In particular, we show the performance of measure-preserving geometric integrator in the
canonical ensemble, that is, at constant temperature. We provide a validation and performance
evaluation of the code by calculating the thermodynamic properties of a Lennard-Jones fluid. Our
results are in excellent agreement with reported data reported from literature, which were
calculated with CPUs. The scope and limitations for performing simulations of high-throughput
MD under rigorous statistical thermodynamics in the canonical ensemble are discussed and
analyzed.

Keywords: High-Throughput Molecular Dynamics (HTMD) simulations; Nosé-Hoover Chain
(NHC); Canonical ensemble; Graphics Processing Units (GPUs).

1. Introduction

The accelerated use of molecular simulation methods, such as molecular dynamics (MD)
simulations, has motivated an increasing interest in the implementation of rigorous algorithms in
modern supercomputing technologies, which is a difficult task. Due to the purely numerical nature
of MD method, which emerge from the laws of statistical mechanics, they require the use of efficient
schemes to sample the phase space, maintaining control of thermodynamic variables at large scales
of time and length. The combination of powerful computational technologies and the strict laws of
statistical mechanics placed in a same simulation code is a great challenge nowadays.

From a conceptual perspective, MD simulations (based on the integration of Newton’s equations
motion) are considered as numerical experiments that provides the means to sample the
thermodynamic space of a given system through its evolution dynamical. In MD simulations, these

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.
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spaces or thermodynamic ensembles are characterized according to the type of physical variables
that are to be evaluated. For example, the simplest case is where it is required to keep the energy
constant, this case is the so-called microcanonical ensemble (NVE), where the thermodynamic
condition is to maintain the energy constant (E), as well as the volume (V) and number of particles
(N). However, for comparations with experimental conditions, it is often convenient perform
simulations at constant temperature, which leads us to have a system in the canonical ensemble
(NVT). In this case, the thermodynamic condition is to maintain the temperature constant (T), as
well as the volume (V) and number of particles (N). The NVT ensemble is somewhat more difficult
to generate than the NVE ensembles due to the requirement that the kinetic energy fluctuations
must generate the correct distribution function corresponding to the ensemble. Temperature control
algorithms comprise one of the fundamental parts in MD simulations.

Generally, when the Newtonian MD scheme it is modified to maintain the temperature constant
is through of the tools called a thermostat algorithms (TAs). An efficient thermostat must meet
certain requirements required of the statistical mechanics. For example, give a canonical distribution
of speeds, and be ergodic, etc. Not only averages, but also fluctuations (dispersions) away from the
average are also important. Several strategies to improve simulations at the canonical ensemble
have been suggested in the literature [1-5]. The simplest method is through the periodic scaling of
velocities; this method is economically and numerically stable. However, it does not guarantee that
a canonical space distribution is obtained, but they are still commonly used. The lack of ergodicity
for some thermostat algorithms or for different temperature ranges can lead to a dynamic that does
not correctly reproduce the expected thermodynamic properties [6-9].

Simulating a thermal bath is not a simple task. To achieve an accurate and efficient integration
in the constant-temperature ensemble, additional variables may be added to create a “thermostat”
that controls the temperature of the simulated system [10]. From this idea arise the so-called
extended Hamiltonian methods or Non-Hamiltonian methods [11-14]. These variables or extended
degrees of freedom regulate the time-averaged values of temperature in order to reproduce as
accurately as possible the phase space in the considered ensemble. However, the use of this type of
methods, although are accurate, are should be used with care, for example, the mass of extended
variables must be carefully chosen as they affect spontancous fluctuations in the system. Lippert et.
al exposed computational challenges that involve controlling the temperature of a system using
external degrees of freedom [15]. Two fundamental observations were made. One of them was the
high computational cost that carries the instantaneous updates of extended degrees of freedom.
Second, observation to the wide separation between the timescales associated with the extended
degrees of freedom and those associated with particle motion. The extended degrees of freedom
generally evolve on timescales much longer than those of particle motion; this can result in
numerical inaccuracy if the numerical precision employed is insufficient.

Several TAs has been development to make use of extend phase space of the system of interest
by adding an extra dimension that takes into account the interaction of the system with the
environment. The most popular TAs that is based on the extended phase space is the Berendsen
[16], Andersen [17] and Nosé-Hoover (NH) methods [18,19]. Undoubtedly, the NH method is
currently the most popular isothermal simulation method, however it has a drawback that their
equations are non-Hamiltonian in structure due to the non-canonical coordinated transformation,
which precludes the use of symplectic integration schemes [20], NH thermostat has ergodicity
problem. The failure of this approach under the conditions usually used in molecular dynamics
calculations were clarified by Martyna et al. [21]. They proposed that the shortcomings of the NH
algorithm could be overcome by connecting a chain of thermostats to construct a NH chain (NHC).
The figure 1 schematically shows the construction of the NHC methed.
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Figure 1. Schematic representation of the NHC method and its operating. The temperature of the
physical system (red box) is controlled by the mechanism of the NHC equations (all four green boxes).
That is, the first Nosé-Hoover thermostat (1¢* NHT) in the chain is coupled to the physical system, the
second (27 NHT) is coupled to the first Nosé-Hoover, the third (3= NHT) is coupled to the second
thermostat, the (4 NHT) is coupled to the third thermostat Nosé-Hoover, and so on, until forming a
collective system of Nosé-Hoover chains (NHC).

When using non-Hamiltonian equations of motion, such as NHC equations, the numerical
integrator should be consistent with a non-Hamiltonian generalization of Liouville’s theorem [22,
23]. That mean that the integrator must be symplectic, that is, must conserve exactly the invariant
phase-space volume, must have an approximate energy conservation, and time reversibility
between other properties [24]. A numerical integrator that achieves this is known as a “measure-
preserving” algorithm. These numerical algorithms are based on decompositions of exponential
operators, and the error in the total energy of the system is bounded [25]. Also, these algorithms
represent the explicit integration of non-Hamiltonian dynamical systems. So far, Tuckerman et al.
[26] have developed a consistent classical statistical theory of certain non-Hamiltonian dynamical
systems and have developed a “systematic way” of designing equations of motion of extended
molecular dynamics which are known as MTK equations, from Martyna, Tobias and Klein authors.

MTK algorithms are already applicable to a wide range of scientific problems and have been
expanding their applications in several areas, such as: Physical Chemistry [27], Theoretical and
Computational Chemistry [28], Materials Engineering [29], Macromolecular and Materials
Chemistry [30], Biochemistry [31], Cellular and Cell Biology science [32], and so on. The
implementation of the MTK algorithms is not trivial and its evaluation is computationally
expensive. So far, major MD codes such as LAMMPS [33], AMBER [34], HOOMD-blue [35] and
GROMACS [36] have implemented the MTK algorithms, being LAMMPS the most used code with
these algorithms. But nevertheless, these codes were designed and work in programming
environments in CPUs. On the other hand, with the advent of graphics processing units (GPUs), the
field of High-throughput MD (HTMD) has become a fundamental tool for pharmaceutical research
[37], accelerate the innovation in materials research [38], in revolutionizing the genome-wide [39],
to explore large effects of structural changes ensemble of proteins [40], for drug discovery [41], just
to mention a few applications. However, these areas have been developed using huge and expensive
CPUS clusters. Unfortunately, the generation of HTMD codes designed exclusively for perform
molecular simulations on GPUs is very scarce. ACEMD [42] is the only code of MD specially
optimized to run on GPUs and it is one of the world’s fastest molecular dynamics engines.
Nevertheless, ACEMD works with Langevin type thermostats, and to date, has not yet implemented
the MTK algorithms.

The state of the art of HTMD reports that little effort has been directed to the efficient
implementation of MTK algorithms on GPUs. The motivation for the use of integrators that
explicitly preserve the measurement of the space phase arises as a need to have an efficient tool that
guarantees ergodic sampling at large scales of time and length, this is only possible today using
GPUs. In this work, we show the performance of measure-preserving geometric integrator in the
canonical ensemble on GPUs, under the scheme of the MTK algorithms, which are the basis of the
NHC thermostat. The capacity of our HIMD code can simulate more than one million Lennar-Jones
type point particles achieving an average of 0.27 ns/day. In smaller systems, of the order of 30,000
particles, we achieve a production of 30 ns/day, it should be noted that most of the simulation results
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reported today are of this number of atoms, but with a production of ns/day of half or less than half.
So far, no code with those capabilities has been reported using NHC thermostat.

2. Methodology

It is well-known that a symplectic integrator conserves the Hamiltonian and therefore achieves
stable integration over a long time. This is because there exists a value that is exactly conserved by
the approximated propagator. These numerical methods are based on the decompositions of
exponential operators. A system that preserve the generalized phase-space metric, it will be
consistent with the generalization of Liouville’s theorem. The details of Liouville operator algorithms
derivation for non-Hamiltonian systems, such as NHC thermostat, can be found in original papers
sources [43-46], therefore we shall only outline the main NHC equations.

In order to generate a sampling of the canonical distribution (NVT), Hamilton’s equations must
be supplemented by a mechanism that allows the system to exchange energy with its surroundings.
One popular method for mimicking the influence of the surroundings in MD is so called extended
phase space approach. As already mentioned in the Introduction section, Nosé-Hoover method is
one of the best schemes to generate a canonical distribution but has ergodicity problems. The failure
of this approach was solved by Martyna et al. introducing the NCH thermostat [21]. The main idea
behind the NCH thermostat is that the physical position and momentum variables of the particles in
the system are coupled to additional phase space variables that mimic the effect of the surroundings
by controlling the fluctuations in the instantaneous kinetic energy.

The NHC thermostat [21] is a non-Hamiltonian MD scheme for generating the canonical
ensemble. In this method, the ordinary phase space is extended to include a set of M thermostat
variables 7, .71y and their conjugate momenta p,,, ... p,,,,, which serve to drive the fluctuations of
the kinetic energy in such a way that they average to the proper canonical value. These variables act
as a heat bath coupled to the system. The equations of motion for an NHC system are
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pl pt Ql pl
Mk
= k=1,..M
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n
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The parameter @y, ... Q) are mass-like parameters (having units of energy*time?) that determine
the time scale on which the heat-bath variables evolve, and k, is the Boltzmann constant. The term
7(19,,1 /Ql)Pi in the momentum equation acts as a kind of dynamic frictional force. Although the
average {p;;) = 0, instantaneously, P,; can be positive or negative and can, therefore, act to damp
or boost the momentum. According to the equation for P, if the kinetic energy is larger than
3Nk,T/2, Py, it will increase and have a greater damping effect on the momenta, while if the kinetic
energy is less than 3Nk,T/2, P;; will decrease, become negative, and have a boosting effect. In this
way, the NHC system acts as a “thermostat” regulating the kinetic energy. In a similar manner, the
(k + 1)th heat-bath variable serves to modulate the fluctuations of the kth variable so that each heat-
bath variable (except the Mth variable) is “driven” to have a proper canonical average. Equations (1)

have the conserved energy
M M
dNgy + Y. nk] 3)
k=2

2
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where H(p,r) is the Hamiltonian of the physical system. When M = 1, the NHC system reduces to
the simpler Nosé-Hoover system [19], which does not generate the corresponding canonical
distribution.

3. Results

3.1. Code validation

In this section, we show the results of an implementation of NHC thermostat on GPUs. First, we
performed the validation of the code simulating a system composed of 864 particles of a Lennar-Jones
(L]) fluid. A comparison with the data of the literature is included, we show that the equilibrium
properties are the same for the simulation time considered here, but our data are calculated in GPUs
while those of literature are calculated in CPUs. The details of the simulations presented can be found
in appendix A of this manuscript.

The Figure 2 shows the equilibrium properties of LJ fluid in bulk phase. The comparison
between literature data (calculations in CPUs) from Johnson et al. [47] and simulation data from this
work (calculations in GPUs) is presented. Figure 2a shows the behavior of the potential energy as a
function (U") of density (p*) for a wide range of temperatures, from T =2.0 to T = 6.0. These values
are in reduced units. In our case, the error bars are included. Figure 2b shows the behavior of the
pressure (P") as a function of density (p*) for a wide range of temperatures, from T=2.0 to T=6.0.
All values are in reduced units. We can see that the agreement between the data of the literature
calculated in CPUs and the data calculated in this work in GPUs is excellent. This is a test of the
excellent implementation of the NHC algorithm in GPUs. These results show that the canonical
ensemble given by the NHC algorithm correctly produces thermodynamic properties in equilibrium,
performed in GPUs as is showed in this work.
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Figure 2. Equilibrium properties of Lennard-Jones fluid in bulk phase: (a) Potential energy vs. density.
The blue line corresponds to literature data from Johnson et al. [47]., which were calculated in CPUS,
while the red dotted line are simulation data from this work but calculated in GPUs. The symbol of
the error bars is included in our calculations; (b) Pressure vs. density. The continuous lines correspond
to the data reported by Johnson et al. [47], while the data with symbols correspond to data obtained
in this work. All units are dimensionless.

For a thermostat to be entirely consistent with the canonical ensemble, it should generate total
energies according to the Boltzmann distribution for that system and generate kinetic energies
consistent with the Maxwell-Boltzmann distribution [23]. To verify this rule, first we evaluate the
evolution of the conserved quantity (AU) given by equation (3) for a L] fluid at T* = 2.0, p* = 0.7,
and N = 864 . The result is displayed in Fig. 3A. The instantaneous (AU) has the definition
|(U; = Uy)/Ug] and the cumulative average (4AU) is denoted by AU = Nicz"l(U" — Up) /Uy, where i
runs over the number of configurations N;. U; is the total energy of the whole system including the

atoms and thermostat variables. No drift in the conserved quantity was observed in any of the
simulations as we expected. Fig. 3B shows a symmetric density distribution for this system.
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200 300 3
time (ps) vE

Figure 3. (a) Evolution of conserved quantity (4U) as a function of simulation time (ps). The red line
corresponds to average energy while the black line corresponds to instant energy; (b) Histogram of
cumulative momentum distribution obtained from a trajectory calculated using NHC method. For
this case T* = 2.0, p* = 0.7, and N = 864.

The NHC motion equations increase the calculation time and the complexity due to the coupling
of the thermostats; this causes the ergodicity of the dynamics to increase when increasing the
available phase space of the dynamics. One of the main goals of using GPUs in MD simulations is to
break with the time/length scales, that is, to simulate larger systems and longer times, preserving the
correct application of the laws of statistical mechanics. To show the effectiveness of the NHC
algorithm in the canonical assembly, we analyze the evolution of the temperature reduce (T*), the
kinetic energy reduced (K*), as well as the distribution of the kinetic energy reduce f(K*). The
results are show in the figure 4. We can see that f(K*) obeys to the correct distribution dictated by
the canonical assembly [25]. This result shows a good agreement with similar results in the evaluation
of geometrical properties that are applied to the algorithms designed to maintain the temperature in
the canonical ensemble [3]. It is important to emphasize the conservation of temperature, which
shows any no drift. The calculations on CPUS presented in this section were performed with an in-
house code.
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Figure 4. Sampling of temperature between CPUS and GPUs platforms; (a) Evolution of the reduced
temperature ( T*) of the system at equilibrium; (b) The behavior of the reduced kinetic energy (K*);
(¢) The numerical distribution reduced kinetic energy f(K*) for the same system is showed. The
details of these simulations can be found in the Appendix A. All thermodynamics are reported in
dimensionless units.

3.2. Code performance

After showing the excellent comparison of thermodynamic properties in equilibrium obtained
with both CPUs and GPUs for a L] fluid in phase bulk, we will show below the performance of our
code in different GPUs architectures. The performance benchmark test is based on L] system also.
These benchmarking simulations were run on our cluster Olinka [48], which is equipped with the
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latest GPUs technologies. As we mentioned before, the true power of using GPUs is to simulate
systems composed of a large number of atoms, as clusters based on GPUs technologies allow.

To know some advantages like high efficiency, high speed and low cost of the NHC thermostat
on GPUs, the execution time per step of MD and the speedup were measure, both parameters as a
function of the number of particles. The result is shown in figure 5. We observe from Figure 5A, that
the computational cost of time per step increases exponentially in the CPUs. As the number of
particles increases, the time per step also increases. In the GPUs, the computational cost of time per
step is practically constant. Speedup in Figure 5B is measured as the ratio of wall time elapsed for
carrying out a specific simulation. In this case, we observe that for a system of 4000 particles a
speedup of 45 is achieved, while a system of 23328 achieves a speedup of 60, therefore, the speedup
achieved by going from a system of 4000 particles to a system of 23328 is of the order of 25. A speedup
of this magnitude is significant because of the wide applications of MD simulations to biological
systems. These tests were measured in the GPU model GTX-1080 for systems of L] particles.
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Figure 5. Performance of NHC thermostat on GPUS: (a) Performance CP’U vs. GP’U of time per step
as a function of particles number; (b) Speedup of NHC thermostat as a function of particles number.
These tests were measured in the GPUs model GTX-1080 for a system of 4000, 6912, 10976, 16384 and
23328 particles. The Speedup obtained by migrate the NHC algorithms to GPUs is approach 60 times
faster than the CPU version,

The performance tests of NHC thermostat were carried out on different GPUs manufactured by
NVIDIA. This performance is based on all architectures of NVIDIA GPU series, from first generation
Tesla (2007-09), Fermi (2010-11), Kepler (2012-14), to Maxwell (2015-16). In Figure 6, a complete
analysis of the performance of NHC thermostat is shown. Figure 6 shows that the best performance
of NHC thermostat is achieved with GTX 1080 GPU cards, achieving a production of 62 ns/day. It has
been documented that the best MD codes running on GPUs reach their best performance on these
cards [42]. This performance is achieved in single GPUs for a system of 10976 particles type L].

-
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e
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Figure 6. Performance Evaluation and Benchmarking of NHC thermostat in different GPUs
architectures. The performance of our code is tested on a system of constituted by 10976 Lennard-
Jones type particles.

Currently, our code can simulate up to 1.2 million particles. The benchmarking production is
presented in the Figure 7. Simulating more than one million particles is a challenge that keeps many
research groups busy. This size of systems is the maximum that a GPUs supports, due to the capacity
of the memory. GPUs with greater memory capacity could simulate larger systems, and of course
with a higher ns/day production. Figure 7A shows the decay of ns / day production as the particle
number increases, This behavior is normal due to the cost of calculating the forces. The maximum
size that we manage to simulate is about of one 1.2 million of L] particles, obtaining only 0.27 ns/day
on GPUs model GTX-1080, so it is seen more clearly in figure 7B. Figure 7C shows an example of the
configuration of this system, which measures approximately 40 nm. That order of magnitude is of
great importance where the capabilities of the HTMD are exploited.
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Figure 7. HTMD of NHC thermostat performance on GPUs; (a) Maximum performance on a GPUs
GTX-1080; (b) Comparations of production in ns/day between two GPUs architectures to simulate
one million of L] particles; (c) A snapshot of a system composed by one million of particles.

4. Discussion

The key contribution of HTMD molecular simulations technologies is to accelerate the
innovation in research both simple systems and complex systems. We think that new computational
algorithms and strong collaborations between chemists, physicists, biologists, mathematicians,
engineers and medical professionals will reinforce this area of research. However, the problems and
challenges related to biomolecules, which are often expensive in the sense of numerical simulation,
open a research window with a major difficult to answer. A question that has not been fully
addressed to date is to what extent the kinetic properties can be reproduced correctly, this using MD
to see extent simulations can be accelerated by these simulations methods [49].

Here, we present a new tool for enabling HTMD simulation under a strict methodology based
on the NHC method. The accurate simulation in the canonical ensemble is a problem of great
scientific importance. With this software we would like to perform simulations in order to be able to
test predictions that serve as a point of reference in real experiments, in such a way that we can
accelerate promising results. With molecular simulation methods, one is normally obliged to comply
with the laws of statistical mechanics, describing with precision the statistical ensemble under study,
in this case the canonical ensemble. Here we show how to combine the most advanced
supercomputing technologies in conjunction with the highest technologies that generate integrators
that preserve the measurements of the phase space for the canonical set at a very low computational
cost. We also show the potential of GPUs that allow us to explicitly evaluate with enough precision
the simulation of simple systems under the scheme of the NHC thermostat, thus exceeding the exact
temperature modeling at large scales with respect to other temperature control algorithms.
Accelerated molecular dynamics on GPUs as provided by our HIMD platform should be of wide
interest for a large number of computational scientists as it provides performance comparable to that
achievable on standard CPU supercomputers in a laboratory environment. Even research groups that
have access to High-Performance Computing can find a useful tool in our code, which has the ability
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to run simulations locally for longer periods of time and with greater flexibility. Finally, we see that
the race to have more and better MD codes in GPUS is in constant growth, and we need more
innovation in this sense.

5. Conclusions

The evolution and innovation in the development MD software on GPUs is in constant
expansion. However, the use of GPUs acceleration of condensed-phase matter MD simulations is still
in its infancy. The pressure to achieve maximum performance has led to the use of approximations
in statistical methodologies trying to avoid a real rigorous validation. The development of MD codes
in GPUs seems to be an established and extremely active field, however, very few codes can be
considered ready for production and even very few achieve the desired goal of making direct
comparisons with real experiments, without making approximations. However, the current benefits
of GPUs are enticing, and this is driving both code and hardware development. Despite the
substantial progress made in the development of the code, the difficulty in programming GPUs
devices persists, programming complex algorithms such as the NHC thermostat makes some groups
choose to implement simpler thermostats, which are efficient at long times, as example explicit are
the NH and Langevin thermostats. With constant anticipated release of new technology NVIDIA will
undoubtedly bring more competition in the development of more efficient software with more
demanding implementations such as those presented in this work. It is anticipated that with the
release of new versions of GPUs, MD codes will evolve rapidly, while research with these
methodologies will increase exponentially in the coming years, but the limitation of implementing
complex methodologies such as those presented in this paper is a latent challenge.
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Appendix A

Computational details. The performed simulations in this work are split in two main blocks.
The first one corresponds to the validation of the code developed, and the second one regards the
scope of performance obtained at the implementation of Nose-Hoover chains in GPU architecture.
For the validation of the code, we reproduced some data reported by Jonson et. al. [47]. These data
correspond to a fluid of Lennard-Jones particles, simulated in a canonical ensemble (NVT), the
conditions of temperature and density are in range of 2.0 to 6.0 and 0.1 to 1.3 respectively. These
intervals of thermodynamic conditions exclude metastable points over solidification and
vaporization curves [47], while the number of particles in the system is 864. Other parameters of
simulation are time step At = 0.002, characteristic time scale of particles 1y = 0.2, cutoff radius 1, =
4.00, Verlet radius 1 = 4.5¢. Units of reference selected are: size of particles o = 3.405A, mass of
particles m = 39.95gmol™" and the depth of potential &/k, = 119.8K . Simulations were
equilibrated with 20000 steps and the thermodynamic properties, energy and pressure, were
averaged y the stage of production, this stage consist of 40000 MD steps. We use velocity Verlet
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algorithm of integration [50] and the Nose-Hoover chains as thermostat for keeping the temperature
in the ensemble NVT.

Second block of simulations is focused on analyzing the performance of NHC executed in the
GPU. For these simulations, it is used one system of L] particles under the same thermodynamic
parameters (p = 0.7,T = 2.0), but in this case the number of particles is 4000, 6912, 10976, 16384 and
23328. Next group of simulations is centered on exploring the behavior of the code in different models
of the GPUs, the selected system for this test is of 10976 particles under the thermodynamics
conditions. The models of GPUs used are GTX580, GTX780, GTX980, GTX1080 and Tesla K40. Finally,
the last group of simulations explores the capacity with respect to the size of the systems that will be
studied with this code developed. We estimated real time simulated that will reach systems with
108000, 256000, 500000, 740772 and 1000118 particles in the canonical ensemble, using the thermostat
of Nose-Hoover chains. All the quantities are presented in reduced units unless otherwise indicated.
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7.1 Discusion general

Una de las aplicaciones méas importantes para la computacion de GPU ha sido la aceleracion de los

célculos de simulaciones de dinamica molecular basadas en la mecanica clasica. A pesar de contar

con algoritmos eficientes y técnicas de procesamiento paralelo a gran escala, las demandas de la

investigacion biomédica requieren simulaciones en complejos biomoleculares de tamafio y

sofisticacion crecientes, en escalas de tiempo mas largas, con mejores muestreos y con mejores

campos de fuerza, asi como novedosos algoritmos para su ejecucion y simplificacion de calculos.

Cada una de estas dimensiones crea demanda de mas computo, algo que las GPU pueden ayudar a

resolver.

Bajo este contexto se han disefiado y programado bajo la tecnologia de GPU software para realizar

dinamica molecular, entre los que destacan los siguientes:

Software
NAMD [56]

GROMACS [57]

Descripcion

Es uno de los primeros paquetes en incorporar la aceleracion de GPU. Es
un cddigo paralelo de dinamica molecular disefiado para la simulacion de
alto rendimiento de grandes sistemas biomoleculares. Basado en los objetos
paralelos de Charm ++, NAMD escala a cientos de ndcleos para
simulaciones tipicas y mas alla de 500,000 nucleos para las simulaciones
mas grandes. NAMD utiliza el popular programa de graficos moleculares
VMD para la configuracion de simulacion y el andlisis de la trayectoria,
pero también es compatible con AMBER, CHARMM y X-PLOR. NAMD
se distribuye de forma gratuita con el codigo fuente.

GROMACS es un paquete versatil para realizar dindmica molecular, es
decir, simular las ecuaciones de movimiento newtonianas para sistemas con
cientos o millones de particulas.

Esta disefiado principalmente para moléculas bioquimicas como proteinas,
lipidos y acidos nucleicos que tienen muchas interacciones enlazadas
complicadas, pero dado que GROMACS es extremadamente rapido para

calcular las interacciones no enlazadas (que generalmente dominan las
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HOOMD-blue [58]

ACEMD [59]

LAMMPS [60]

UAEM

simulaciones) muchos grupos también lo estan utilizando para la

investigacion en sistemas no bioldgicos, por ejemplo, polimeros.
HOOMD-blue es un software disponible de forma gratuita disefiado
explicitamente para la ejecucion de GPU que comprende un conjunto de
herramientas de simulacion de particulas de uso general. Se especializa en
simulaciones de dinamica molecular de sistemas de polimeros. HOOMD-
blue mantiene todos los datos de simulacion dentro de la memoria de la
GPU para superar el cuello de botella de transferencia de la CPU a la GPU.
Se utilizan varios algoritmos y enfoques especificos de GPU, incluida la
clasificacion de los &tomos para reducir la divergencia de las ramas, el uso
efectivo de las listas de pares y las optimizaciones que aprovechan las
operaciones atdbmicas, junto con otras caracteristicas que se encuentran solo
en el estado del arte de GPUs.

Es un software de dinamica molecular de nivel de produccion
especialmente optimizado para ejecutarse en unidades de procesamiento de
graficos (GPU) NVIDIA y es uno de los motores de dindmica molecular
mas répidos del mundo. Este software cuenta con una potente interfaz de
scripts y extensiones en Python que utiliza HTMD, permite el uso de los
populares formatos de campos de fuerza CHARMM y AMBER sin ningun
cambio, y permite la ejecucién de mdaltiples hosts para los métodos de
intercambio de réplicas.

ACEMD se ha utilizado para realizar simulaciones de dindmica molecular
de proteinas globulares y de membrana, oligosacaridos, acidos nucleicos y
polimeros sintéticos.

LAMMPS es un cddigo clésico para dinamica molecular. Cuenta con
potenciales para para materiales de estado solido y materia blanda, asi
como sistemas de grano grueso 0 mesoscopicos. Se puede utilizar para
modelar atomos 0, mas generalmente, como un simulador de particulas
paralelas en la escala atbmica, meso o continua.

LAMMPS se ejecuta en procesadores individuales o en paralelo utilizando
técnicas de paso de mensajes y una descomposicion espacial del dominio

de simulacion. Muchos de sus modelos tienen versiones que proporcionan
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un rendimiento acelerado en CPU, GPU e Intel Xeon Phis. El codigo esta

disefiado para ser facil de modificar o ampliar con nuevas funciones

Por lo anterior, una caracteristica importante que difiere el software desarrollado HIMD es que se
implementa los ensambles NVE y NVT en el algoritmo basado en los operadores de Liouville, siendo

esto lo novedoso de nuestro software al incluirlo totalmente en procesamiento de GPU.

Del mismo modo, otra caracteristica primordial se basa en que el ensamble NVT implementado en el
cdédigo HIMD se programé al 100% en GPU haciendo uso de las cadenas de termostatos de Nose-
Hoover, con lo cual ninguno de los anteriores softwares comentados utilizados para dindmica
molecular lo implementa de esta forma, ya que algunas rutinas las trabaja ain a nivel de CPU,

ocasionando con esto que el procesamiento sea lento en comparacion con la propuesta de nuestro

cadigo.

Para la validacion del codigo, se reprodujeron algunos datos reportados por Jonson et. Al [47]. Estos

datos corresponden a un fluido de particulas de Lennard-Jones, simulado en un ensamble candnico.

(NVT)

100 200 300 400

time (ps)

500

Fig. 13 Energia cinética y conservacion de la temperatura de un sistema con 864 particulas a una densidad
reducida de 0.7 entre CPU y GPU
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Uno de los objetivos principales del uso de GPU en simulaciones de MD es romper con las escalas
de tiempo / longitud, es decir, simular sistemas mas grandes y tiempos mas largos, preservando la
aplicacion correcta de las leyes de la mecanica estadistica. A continuacion, se muestran los resultados
obtenidos al ejecutar los sistemas con diferente nimero de particulas, en donde se demuestra que al
calcular con GPU, los tiempos de ejecucidon disminuyen respecto a que si se realizara en CPU.
Resaltando que el desempefio mejora al trabajar con sistemas mas grandes, ya que se utiliza

eficientemente la arquitectura de los procesadores de las tarjetas graficas.

Nose-Hoover Chains (CPU vs GPU) Nose-Hoover Chains (CPU vs GPU)

1.20E.02

70
1.00E-02

60

8.00E-03 50

6.00E.03 mCPU a0

= GPU

SpeedUp

4.00E-03 30

time per step (min)

2.00E-03 L

10
0.00E+00
4000 6912 10976 16384 23328 o

# particles

4000 6912 10976 16384 23328
# Particles

Fig. 14 En la grafica de la izquierda se muestra el tiempo de ejecucién por paso de MD mientras que, en la grafica de la
derecha se muestra la aceleracién (speedup) al ejecutar las rutinas del termostato de Nose-Hoover en el GPU, ambas

como funcion del nimero de particulas.

Nose-Hoover Chains (10976 particles)

Tesla K40
GTX1080
GTX980
GTX780

GTX580

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00
ns/day

Fig. 15 Performance del cddigo en simulaciones con sistemas de 10976 particulas en las diferentes modelos de tarjetas
de Nvidia

De los madltiples codigos de simulacion molecular disponibles en el mercado, LAMMPS se
caracteriza por tener un alto desempefio y es uno de los pocos que implementa las Cadenas de Nose-

Hoover, resaltando que es un cddigo con varios afios de desarrollo y en el cual, las cadenas se
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de los
cadigos al ejecutar un sistema con 10,976 particulas de un fluido simple tipo Lennard-Jones y de los
resultados obtenidos se observo que nuestro software HIMD se encuentra en concordancia con los de

LAMMPS. A continuacion, se muestra la temperatura instantanea del sistema.

— HIMD - NHC =4
24F — LAMMPS -NHC =4| J

1.6 .

14 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500
time(ps)

Fig. 16 Comparacion de resultados de conservacién de la temperatura con 4 cadenas de NHC ejecutadas en LAMMPS y
HIMD.

La aportacién principal de nuestro codigo se puede observar en los desempefios obtenidos al realizar
la ejecucion de comparacion con el codigo LAMMPS al simular un sistema de 10,976 particulas en
los diferentes termostatos, principalmente cuando se compara las cadenas de Nose-Hoover. A

continuacion, se muestra la grafica de desempefio.

LAMMPS-Langevin
LAMMPS-Berendsen
LAMMPS-NH

HIMD-NHC

nsiday

Fig. 17 Grafica de desempefio al ejecutar las cadenas de Nose-Hoover en CPU con LAMMPS y en nuestro cddigo
HIMD (SIMAT)
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CAPITULO 8

8.1 Conclusiones

En este trabajo hemos implementado los algoritmos de los ensambles NVE y NVT basados en el
operador de Liouville y las cadenas de termostatos de Nose-Hoover en un nuevo software de dinamica
molecular en el que se validaron los resultados obtenidos de las simulaciones haciendo uso de
Unidades de Procesamiento Grafico (GPU) contra lo reportado por la bibliografia, en donde

resaltamos lo més importante:

El migrar hacia una tecnologia de Unidades de Procesamiento Grafico mejord considerablemente el
desempefio de los algoritmos implementados para CPU, logrando con esto una disminucion en el
tiempo de ejecucion de las simulaciones realizadas con determinados nimeros de particulas lo que

dio origen al disefio y desarrollo del codigo SIMAT.

La implementacion de las cadenas de Nose-Hoover para su ejecucion en CPU aumenta
considerablemente el tiempo de ejecucion conforme crece el sistema en numero de particulas. Con la
implementacién en GPU en SIMAT se tiene un mejor desempefio, conforme el sistema crece en el

tamarfio de particulas, con lo que el software ha logrado simular hasta 1.2 millones de particulas.

Demostramos que la tecnologia basada en GPU permite mejorar los desempefios de calculos en donde

se requiere gran poder de computo, como es el caso de las simulaciones de dinamica molecular.

Una de las perspectivas de este trabajo es incluir rutinas de analisis de datos, por ejemplo, el del Root-
mean-square (RMSD) o Radiuos of Gyration con la finalidad de contar con un software integrado

para la simulacién de dinamica molecular.
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Anexos

Anexo 1. Pseudocddigo y diagrama de flujo del software HIMD

#Algorithm HIMD

Init
Read_parameter_simulation();
BuildVerletList();
Init_Thermostat();

/Init Dynamic

While Step <= Number_Steps

Init
Compute_Thermostat();
Compute r(t + At);
Compute v(t + A/2);
Check_VerletList();
Compute_Forces_LJ();
Compute v(t + At);
Compute_Thermostat();

End

Calculate_properties();

Save_config();

End

3J2A) soiweuAq ejnds|op

UAEM

Init Thermostat()
| ‘Set Temperature Parameter |
<
Build VerlLet List
| Set Up Nose Integration Variables |
Init Thermostat() AV
| Initialize Nose Variables |
| Compute Thennostatl | Calculate Properties| Compute Thermostat()
1 l I Update last chain element |
Computer(t+At) )
Computev(t+a/2) Save Config I Loop over chain |
CheckVerletList
I Velocity scaling |
Compute Forces @
Lennard-Jones

Compute v(t+ at)
Compute Thermostat

Anexo 2. Infraestructura utilizada

Este proyecto se realizd en las instalaciones de los Laboratorios de Bioingenieria Molecular a
Multiescala (LBMM) y de Vendmica Computacional, a cargo de los Drs. Roberto Lopez Rendén y
Felipe de Jesus Romero directores de este proyecto de tesis. Como la naturaleza de estudio de este
proyecto es usar herramientas puramente numéricas, es necesario hacer uso de computadoras
disefiadas exclusivamente para tales fines. EIl LBMM cuenta con la supercomputadora OLINKA.
Ademas, se cuenta con computadoras personales para el analisis y discusion de los resultados que
permitan dar seguimiento puntual a cada uno de los objetivos planteados. OLINKA esté catalogada
como una de las plataformas equipadas con la mas alta tecnologia en unidades de procesamiento
graficos conocidas como GPUS a nivel Latinoamérica. Adicionalmente haremos uso de software
libre, como VMD [61] y XMGRACE [53] para realizar la visualizacion de graficos y con ello llevar

a cabo los analisis a los que tenga lugar.

——

I Update thermostat forces |

Update thermostat position
variables

I Loop over chain |

I Update last chain element |
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