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Molecular Dynamics
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Solve subject to initial conditions:
(r(0),....1ry (0),p(0),.... Py (0)) = (ry(t),..., 1y (1), Py (1), P (1))

Energy conservation:

M0 = HE)p) = H(r().p(t)

dt
H (r(0),p(0)) = H(r(kAt), p(kAt))



Rough energy landscapes in proteins and crystals
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Pharmaceutical polymorphism

Polymorphism refers to the ability
of a compound to form multiple
crystal structures.

Ritonavir: HIV protease inhibitor

e NIH: $3,500,000 investment

» Abbott Labs: $200,000,000 investment

* Originally dispensed in 1996 as ordinary
capsules, no refrigeration required

 Converted to lower energy (hitherto unknown)
polymorph (form I to form Il) on the shelf

* Form I1: Poor solubility, lower bioavailability

 Required recall (1998) and reformulation as
gel caps (2002).

» Even atrace of form Il causes phase
transformation

HIV-1 protease




Polymorphism in Organic Semiconductors

Different crystal packing arrangements can affect electronic coupling between molecules.
Properties can be affected even by small changes in the crystal structure.

Example: Difluorinated 5,11-bis(triethylsilylethynyl)anthradithiophene

(Jurchescu et al. PRB, 2009).
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Sequence: oL ~ Y | '- I.-C. Lin and MET
ol : J. Phys. Chem. B
YQPDGSQA - - P ANV 010
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Conformational equilibrium
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P. Minary, MET, G. J. Martyna SIAM J. Sci. Comput. 30, 2055 (2008)
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Collective variables in molecular simulation

Letr,,...,ry denote the Cartesian coordinates of N atoms in a system.
Suppose n collective variables (CVs) characterize a process of interest

qa:qa(rll"'er)Eqa(r) 05=1,...,n

Peptides:

( a'X OX CX \
h= a, b, c,
\az C)z Cz )

b (Box matrix)



Calculation of free energies in CVs

Given a classical Hamiltonian
1 _
H(p,r) =§pTM p+U(r,... 1)

and a set of n << 3N collective variables

q,=49,(r,....IN) a=1..n

gy =—jd pd"'r eﬂH‘p”Ha(q (r)-s,)

= <H 5(qa(r)—3a)>

Free-energy surface: A(

4S,, 1)=—KT InP(s,,...,S,,T)




Thermodynamic integration in the blue moon ensemble
M. Sprik and G. Ciccotti, J. Chem. Phys. 109, 7737 (1998)

Suppose we have a canonical transformation to generalized
coordinates and momenta:

oL

I), -
q.(r), =, o

such that q,(r) is the reaction coordinate.

Hamiltonian:

H (7,) =§zTK(q)n+u (1 (0,1 (0))

(= Zm£ M;ﬂ]

Probability distribution:

P(Sl""’sn) — deNﬂd 3Nq e_ﬂH(”'Q)H5(qa o Sa)
a=1




Thermodynamic integration in the blue moon ensemble

Free energy derivative:

oA 1 dP 1 0 1
— == =— d*"zd*Ng e‘ﬁH(”"”—Hé(q —-S )
s, PP(s) ds ,BP(s)j 0S,, a1

1 oH oH\ "
<H5(q -s )> et “f
If we just transform coordinate space, leaving the momenta untouched:

_ —\ cond
OA (1N _y 1.9 155
@s I aq,, aq,,

S



Thermodynamic integration in the blue moon ensemble

Implementation via constrained MD (practical forn =1):

- P | b au 6_q
m, ar ari

Conditional average:

- _1/2(F)O(I’) constr . )
)

<Z_1/2 (r)>constr — m

S

When using constraints:

2
dA <[/,L+kTG]>cond G 21 Z 1 8qD6q D@q
ds z°(r) 77 mim; or, oror; or,



Reactions on the Si(100)-2x1 Surface

Formation of surface dimers
Buckled dimer structure.
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Free enerqy profile of [4+2] reaction

P. Minary and MET J. Am. Chem. Soc. (Comm.) 126, 13920 (2004)

52‘%(R3i1 + RSiZ)_%(Rcl T RC4)

AG(E) = [ dé’ <

6_H>
85 | cond

-




Comparing free energy for fluorinated 1,3-butadiene

Goal: Design a molecule with a lower free energy

F barrier for the “retro” Diels-Alder reaction.

7\

Minary, Iftimie, MET
Proc. Natl. Acad. Sci. (2005).
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Wolkow and coworkers



Adiabatic free-energy dynamics (AFED)

L. Rosso and MET Mol. Simulat. 28, 91 (2002); L. Rosso, P. Minary, Z. Zhu, MET J. Chem. Phys. 116, 4389 (2002)

In a transformation to generalized coordinates:

q, =9, (r,....IN) a=1..3N . =r.(d,..-s0ay )

Suppose first n are of particular interest.

s,) = [d"pd"r e " [T 5(q,(r)-s,)
a=1

= falpatig e tivelolg. s
a=1

H:%pTM—lpw(r) =—p M ~p+U (r(q)) —KT In J ()

Adiabatic and temperature conditions: m, _>>M_, . TS >> T

Free-energy surface: A( T) = —kT In de (S]_! " n)

1n!




Free enerqies via adiabatic free energy dynamics (JCP 2002, Mol. Sim. 2002)

Equations of motion in generalized coordinates:

m_d, :_6_U+ Heat Bath(T,), 1=1..n
oq,
. aJ .
m. g, :_8—+ Heat Bath(T ), I=n+1,..,3N
9.

Generalized potential: U (q) =U (r(q)) —kT InJ(q)

Adiabatic and temperature acceleration conditions: |m, _[J m T0O T

In this limit,

m g, :—£A(ql,...,qn)+ Heat Bath(T,), 1=1..n

(04




Crystal-AFED [T. Q. Yu and MET Phys. Rev. Lett. (2011)]

fa, b c )

\a, b, ¢,

| Tr

PP P, r, p.=F _&pi _ [pg}pi + heat bath(T)
m W W' N, W

h:@ > :det(h)(P<‘“°—P|)+iip—i2|+heat bath(T, )
W ’ N; = m, h

Large W, T, 0T
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“Phase diagram” of benzene

Raiteri, Martonak, Parrinello Angew. Chem. Intl. Ed. 44, 3769 (2005)
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GROMOS FF, T =100 K, T, =32,000-40,000 K
N =216 (3x3x3), P =2 GPa, Total run time =500 ps, 5 ns
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Driven Adiabatic Free Energy Dynamics (d-AFED)

L. Rosso, P. Minary, Z. Zhu, MET J. Chem. Phys. 116, 4389 (2002)
Margliano and Vanden-Eijnden, Chem. Phys. Lett. 426, 168 (2006)
J. B. Abrams and MET, J. Phys. Chem. B 112, 14752 (2008)

Suppose n collective variables characterize a free energy landscape of interest

a:qa(r]_’"wrN) 05:1,...,!’]

Canonical probability distribution:

s,) = [d"pd"r e ™® T 5(q,(r)-s,)
a=1

Write o-functions as product of Gaussians:

1/2
P(s.,...s.)= lim [d"pdNr e #"(P") Pry ex [—
(S--8,)=_lim_[d"p 11( 277] p

{x, >}

X (q,(r)-s, )Z}

Introduce uncoupled Gaussian integrations:

n 5P, oK
Proy(S1105,) = Cy [ plr psexp{_ﬂ{ " o +Zza(q“(r)_s“)2}}

a=1

Effective Hamiltonian:

H(P.T.8, p,) =

Z (q,(r)-s,)’




Driven Adiabatic Free Energy Dynamics (d-AFED)

Introduce high temperature T, [ T for extended variables and high masses m_ [ m.

Adiabatically decoupled equations of motion:

mir; :_Z—I:iJr _ K, (Sa—qa(r))%ck‘

m,$, =—x, (s, —0,(r))+ heat bath(T,)

a

Under adiabatic conditions, we generate a distribution P& (s ,...,s ,T.,T)

N ~ i —ﬂsZZi’f‘ T/T,
PEY (500080, T T) =Cpy [ d"pe ™™ [ Py (51,0005, T) |

lim [ KT, INPSY(s,,....5,.T,) |= Alsy. .

{k—0}

T)

1n1




Alanine Decamer (gas phase)

Force field: CHARMM22

20 CVs: All (p,w) pairs

CV Temperature: T,=900K

Physical Temp: T=300K

CV mass: M, ) = 600m,
Harmonic coupling: 300.5 kcal/mol/rad?
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Metadynamics
A. Laio and M. Parrinello, PNAS 99, 12562 (2002)

Suppose we have n reaction coordinates or collective variables g (r), a=1,...,n
of interest, and we wish to generate the multidimensional free energy hypersurface

658~ ([T000,0)-5)) = ([TC. 00| -5 =005, |

A(s,,....S,) =—KgT InP(s,,...,S,)
Ergodic hypothesis:

(0(r) =lim= [ O(r (1)t

T—>0 T

Applying to probability distribution:

P(s,,...,s,) =lim lim j' HC g (0 (rO)-5,)' 1207 ¢

t—o{o}->0 1



Metadynamics

Write time integral in discrete form:

1M—1n

_ —(q, (r(kAt)-s,)* /252
P(Sy,8y) *— Y ] [ C e )
M k=0 a=1

Consider a bias potential of the form

U, (q,(r),...,q,(r),t) = Z 1_[\/\/056—(%(Ir)—qoc(rG (1)) 1202

t=75,27g5,... =1

Is(t) is the evolution of positions under the action of a potential U + U.

Free energy hypersurface:

A(s;, .- S

n

) == liMmUq (.




Metadynamics

Metadynamics:
(Laio and Parrinello,PNAS)

Time-dependent
potential periodically
adds Gaussians.




Gas-phase CHARMM27 alanine dipeptide: d-AFED (Ts = 350 K)
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Sigma(R

Gas-phase CHARMMZ27 alanine dipeptide: Metadynamics

gyr) = 0.002 nm

Sigma (N,) = 0.03
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Adiabatic conditionson {s,p.}: T.U T, m_>>m



d-AFED with a bias potential
M. Chen, M. Cuendet, and MET J. Chem. Phys. 137, 024102 (2012)

Suppose a bias potential U,;.(S,,-..,S,,) is applied in the extended phase space.

Apply metadynamics-like bias in the
extended-variable space:

= s, =54 (6] 1267
Uyins (8) =D Ae
i

Effective Hamiltonian:

H(p.r.s, p,) =

n

o
2 a=1

(0, (1) =5, )" +Ups (S)

Important limits:
When T, =T, reduces to metadynamics in an extended space.
When A=0, reduces to standard TAMD/d-AFED




Using the free energy gradient

Free energy surface:
‘ ) — ({5} (o C ‘ ‘
A (800008,) ==K I PEDV (S, 8,) = Uy (830008,
If the space of CVs is not too large, then we can employ free energy gradients:

Fa(sl""’sn) — _STA — <Ka (qa(r) o Sa)>

o

Manifestly independent of T, and can be shown to be independent of bias.
Free energy reconstruction:

1. Expand free energy in a basis set: A({s}) =) Cw;({s})

2. Minimize gradient expansion on a grid:
fACH =33 [0, Ads“) + F, ({s“")|
k «o

3. Gives a set of linear equations

Overall scheme: Adiabatic dynamics, high T, gradients, bias — termed U-FED (unified FED).
[see, also, L. Maragliano and E. Vanden-Eijnden J. Chem. Phys. 128, 184110 (2008)]




Ramachandran Surfaces of alanine-dipeptide in gas phase
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Convergence of the FES for gas-phase alanine dipeptide
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Convergence of FESs for alanine dipeptide in solution
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Met-enkephalin
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Well-tempered metadynamics
Bonomi et al. Phys. Rev. Lett. (2008); J. Comp. Chem. (2009)

Consider the metadynamics bias potential in the form:

U, (q,(r),...,q,(r),t, T,AT) = Z H\Na(t)e—(qa(r)—qa(re(t)))Z/zag

t=r5,275,.. =1

where the Gaussian heights are scaled according to:

where AT is a temperature different from T.
Free energy generated is:

AGs, T + AT

" n1T)_ AT !I_)rQUG(Sy ' n’

Compare to d-AFED/TAMD free energy:

A(s,,...,S,, T)=—-k;T.InP . (S,-..,S,, T, T,)

t,T,AT)
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Sampling path variables

Branduardi et al. J. Chem. Phys. (2007)

AN

Consider the two collective variables:

P :'g‘ :‘&"‘:: 'I’///' ] i\ ¢~s
ql(r) - N —1(r)§ :ke—/lD(Rk,r) — S(r) E /// /‘“\
k=1 ;
i . Path
-2 2 | 0 1 2 Function
Value

qz(r>=—%ln N(r) =Z(r)

P
. -AD ( R kT ) c
N (r) - Z , € 2
k=1 $
>.

Distance

s =1 0 1 2 Function

X Position Value

D(r,r’) = Distance metric between configurations r,r’
R,,....R, Is aset of reference structures along a path.



Example: Alanine decamer
Margul, Cuendet, MET (in preparation)

Use path variable with P = 2 to predict free energy difference between
a-helix and B-hairpin. Enhance sampling of S(r) with a harmonic
restraint Z(r):

V. (r) = %K‘ZZZ(F)
Other parameters:
T, =500 K, x, =10° kdJ/mol, m_ =10° amu
Gaussian height = 1.0 kJ/mol, o =0.01
Gaussian deposit rate = 2500 steps

120F

100F

2
o 40F

KZ=1><106 KkJ/mol

1 AA=46.5 kJ/mol

1 1.2 1.4 1.6 1.8 2

KZ=1><105 KJ/mol
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