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AP Markesteijn and SA Karabasov, J. Comput. Phys., 258, 137 (2014)
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Fluctuations in biomolecular systems

Water density around dialanine zwitterion

Question: to what extend the dynamics of water density
(fluctuations) is connected with the dynamics of the peptide
(quantified by its dihedral angles ¢ and v)?

0.009

0.005

0.002

-0.002

-0.005

-0.009

it
N)
pe)
i)



Aston University

5
Ve

@aBiC
'UNIVERSITY OF
CAMBRIDGE

Hybrid MD/HD
modelling

Introduction

The background
fields, atoms,
scales, etc...

fluctuating
hydrodynamics

Coupling the
scales
The model

Conservation
laws

Constraining the
dynamics
Results

2D
Lennard-Jones
3D liquid

Conclusions

Water density correlation with the peptide
motion

200 ps

0.8 ps

0ps

Answer: not only connected but strongly correlated at very
specific periods, when the conformational transitions occur

D Nerukh and S Karabasov, J. Phys. Chem. Lett., 4, 815 (2013)
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The fundamentals: hydrodynamics

Continuous representation (hydrodynamics)

- All started with macroscopic thermodynamical quantities:
the properties of the system as a whole, the largest possible
scale.

- Describing the system at smaller scales: the properties
become fields changing in time:

p(x’ t)? u(X3 t)? T(X7 t)'

- x is the Euclidean 3D space.
- The equations of motion are the FD equations.

- The solution is the values of the fields at each location in
space at every instant of time: p(x,t),u(x,t), T(x,t).



The fundamentals: atomistic
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(i) REIBfAID Atomistic representation

modelling

- The variables are the positions and momenta of the point
masses, the atoms:

Introduction

The background
fields, atoms,

fliaclfjjicg {q17 <o dadN, P1y -y pN}

hydrodynamics

i - The space is the 6 N-dimentional phase space.

The model - The atoms interact through empirically (in MD) defined

Conservation . .

L5 ' Hamiltonian H(q, p)

i - The equations of motion describing q(t), p(t) are the

o Hamilton equations

Lennard-Jones

o dgi(t) _ 0H(q,p) dpi(t)  9H(q,p)

onclusions = — — .
dt api ’ dt 6qi

- The solution is the molecular trajectory: the values of the
coordinates and momenta at every moment of time:

q(t), p(t).



Calculating the continuous density

pqla;x,t) Zmé(q,(t —x)
7j=1

It is a function of the molecular coordinates (phase space
variable), which also parametrically depends on x and ¢
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How the measurement is done: a probe of volume Az is placed at
the point x for a period of time At at time t.

The ‘true’ (measured) value of p(x,t) is obtained by overaging
pqe(d; x,t) over Az and At.

p(x,t) = (pg(d; X, 1)) Az, At
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This is MD—HD transformation.

HD—MD - 777
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Introduction . . . .
, The Landau-Lifshitz Fluctuating Hydrodynamics (LL-FH)
The background . . . .. . .
felds, atoms, equations are a generalisation of the deterministic Navier-Stokes
f i i :
uwane  (NS) equations:
Coupling the
scales
The model
‘(;%nsscrvat\on @ + V(pu) — 0’
Constraining the 375
dynamics bl
pPu; =
Results + V(pu;u V H
. 6t (p 7 )

i WE | G(ppu) = v, [( Nﬁij) ui] + V(a+ ).

Conclusions a
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Describing fluctuations of the continuum

The stress tensor consists of a deterministic part

ij == (p—nvVu) di;+
n (&uj + 8jui — 2D 'Vu- (Sij)

and a stochastic part, a random Gaussian matrix with zero mean
and the covariance

(Mij(ry,t1) - g (ra, t2)) =

2kgT [77 (0i0ik + 0i051) +

2
(T]V — 3’[7> Jljajk:| 5(7"1 — T2)5(t1 — tg).

This form of correlations follows from the fluctuation-dissipation
theorem, which relates the thermal fluctuations to temperature.



The heat flow is also a sum of the averaged flow

qi:n-BiT

and a stochastic component with zero mean and the covariance

<(L'(7‘1,f1) . (L'(Tz,lfz)) = 2kBKJT25ij(S(T1 — 7’2)6(t1 — t2)
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scaling:
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An example of acyclic ‘top-down’ approach

O’Connell Thompson (1995):

dt Mcrp ¢ ZN Mip
d uNewton — FlP
dt P m

- CFD = Deterministic N-S model

- Application of repulsive barrier to retain particles

- Not necessarily conserves macroscopic momentum balance

- Not fully coupled (no feedback from MD to CEFD)

see our poster for our version of ‘top-down’ coupling
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Our framework

Y|cH

v o MD
o I—u'er_".@@.'.".
' o, TR Of.
. . ® % o
1 T
s
0 ‘ ‘

- The end domains HD and MD are described by purely
hydrodynamic and purely Newtonian equations of motion
respectively.

- In the hybrid domain the fluid consists of two “phases”:

m HD phase is a continuum water with volume fraction s = %,
m MD phase is a phase that incorporates atoms, its volume
fraction is (1 — s).

- The parameter s = s(x) is the function of space coordinates,

such that s =1 in the HD domain, s = 0 in the MD domain.

A Markesteijn, S Karabasov, A Scukins, D Nerukh, V Glotov, and V
Goloviznin, submitted to Phil. Trans. R. Soc.. A
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Mass conservation

For HD phase:

0 0
pr (sp) + oz, (ussp) = J.
For MD phase:
0 0
ot (1—s) Z Pp JF% (I—s) Z ppttip | = =,
p=1.N (1) ’ p=1.N(t)

where p, =m,/V is the density of MD particles and J is the
birth/death rate due to the coupling between the phases.

p=sp+ (1 =531 nwPp



Aston University
b

Conservation of momentum

UNIVERSITY OF
CAMBRIDGE

Hybrid MD/HD

modelling For HD phase:

Introduction
The background a (Suip) + BNy (ujuisp) = sk, + J27
J

fields, atoms,
scales, etc

fl i . . . .
ettt where J5 is the HD-MD interaction force and Fj is the
Coupling the

Sies hydrodynamic force.
The model

Conservation FOI‘ MD phase:

laws

Constraining the
dynamics

Results 0 1 0 1
S g (A9 D ey g ((L=9) D gty
3D liquid J

q p=1,N(t) p=1,N(t)

Conclusions
=(1-s) Y  Fi,—J

p=L1,N(t)

puj = [spuj +(1=s) Zp:l,N(t) Ppujp]
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The deviations of p are driven towards the correct value
Introduction Zp:l,N(t) pp'
The background
fields, ms,
S D |[. (») -
fluctuating - | P~ E Pp | = L 1 p— Pp
hydrodynamics Dty
Coupling the p=1,N(t) p=1,N(t)
scales
The model D  _ 0 . .
e—— where 5= = 5 - +V(u),
laws
C ini hi W o 1.
Sonewainine the and similarly for a,;p:
Results
2D
Lennard-Jones
3D liquid
@ ““ ( D ) E (u) 150 E
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0
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Restricted dynamics

p is diffused towards Zp:l,N(t) Pp:

- 0 o |[.
L 5- > pp = o s(l—s)ag— |5~ > o

p=1,N(t) p=1,N(t)

;p is diffused towards 3°,_; () WipPp:

L. ujp — Z UjpPp
p=1,N(t)
0 o [. .
3p, | S —8)Bg— | wh - Y wikp
! ! p=1,N(t)
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The sources J and Js

From these constrains the sources J and Js can be found:

0 0
J:s& Z pp—&—a—xi su; Z Pp | +

p=1,N(t) p=1,N(t)

0

e 3(1—5>0487zz p— Z Pp) )
p=1,N(t)
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Modified MD equations

For known J and Jo MD equations are modified to preserve
macroscopic conservation laws:

d(Eip a D -
dt :“ip"‘s(ui_uip)—’_s(l_s)aaxi P Z & m’
p=LN(¢)
du;
d;p = (1= 8)Fjp/pp + sFj/pp/N(t)
9] 0 1
1— i/ N(t)=— 0 —
+ oz, s(1—s)a Z wjp/N( )8901- p Pp ppN(t)
P=UN () P=LNO
d 0 |s5 y
"o (0 WP 2 e | DG
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Convergence of fluctuations towards the same limit
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Results: 3D Lennard-Jones liquid

Convergence of fluctuations towards the same limit

100 200 300 400 500 600 700 800 900 1000

Iteration
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Conclusions

- Atomistic and continuum representations of liquid can be
connected without artificial barriers or ad hoc correction
forces in space and time.

- The domains of each representation can be defined arbitrarily
in space and time.

- Challenges: multiphysics (non-stationary MD +
hydrodynamics), multiscale computing (efficient multi
space-time algorithms in parallel environment).
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Thoughts for the future

The

need to organize activities in multiscale modelling:
a database of existing well documented algorithms and codes
in multiscale modelling;

optimising existing algorithms for computational efficiency
(GPU, parallel scalability, distributed computing, etc);

a database of benchmark cases (from the simplest molecular
models to realistic biomolecular systems);

training: hands-on workshops, schools on existing software.
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