Exploring the free energy landscape of complex molecules and
crystalline polymorphs
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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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Ramachandran surface of NATMA
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Polymorphic compounds
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Adiabatic free-energy dynamics
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,....ry) a=1..3N ; ro=r(d,,....0;y)

Suppose first n are of particular interest.

P8 05 ) = jd di “r e‘ﬁH(p’_”H afg=lry=s.)
a.=1

= [d"pd™q e‘ﬂﬁ(p’q)H 5(q, -5, )

2=
_ 1 1 T 1 .
H=—p M p+U(r) H=—p M p+U(r(q))—-kTInJ(q)
2 2
Adiabatic and temperature conditions: m, . ] m . . T, 0T

Free-energy surface: A(Sl’ LR 1) = _kTS In Padb (sl, S0l sn)




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

d, =9,(r,...ry) a=1,..n
Canonical probability distribution:

P(s,,....S,) = jd “pd"r e " T 8(a, (r)-s,)
a=1

Write 6-functions as product of Gaussians:

AN g J-dedNreﬂH(p,r)l—n[['BzKaJ exp{_ﬂ:a (qa(r)_sa)Z}

{Ka—)OO} 72'

a=1

Introduce uncoupled Gaussian integrations:

N N n J | - psza - Ko Z—IL
P{K}(sl,...,sn)zc{K}J'd pd"r d"p, exp L—,B{_H(p,r)+22m +Z ” (q,(r)-s,) JJ

n ps2 n )
H(P,Ts, D)= H (P + Y~ 2t Y KZ“ (q,(r)-s,)

a=1 a a=1

Effective Hamiltonian:




Driven Adiabatic Free Energy Dynamics (d-AFED)

Introduce high temperature T_ LU T for extended variables and high massesm_ LU m

Adiabatically decoupled equations of motion:

.. oH 0q
mr.=—-—+ K, (s, —q,(r) “ + heat bath(T)
or, Za: ( ) or,
m,s, =-x,(s,—0,(r))+heat bath(T)

Under adiabatic conditions, we generate a distribution P

2
P,
_ﬁs —c
F)({K}) 2:
adb

(81,18, T, T) = Cy,, [ d" pe

({x})

adb

2m,
[P{K}(sl,.

(Sysee0n S, T, T)

T/T

sT]S

"y n?

Iim
{x— o}

KT, In Py

dp (Spheen

sn,TS)] = A(S,,...,s.,T)




Alanine Decamer (gas phase)

Force field: CHARMMZ22

20 CVs: All (p,y) pairs

CV Temperature: T.,=900K

Physical Temp: T =300 K

CV mass: M, ) = 600m,
Harmonic coupling: 300.5 kcal/mol/rad?
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Crystal-AFED [T. Q. Yu and MET PRL (2011)]

(a, b, ¢
| |

h = a, by c,
az bZ CZ

V =al(bxc)=det(h)

- P . P 1 Trip

ri:pl+ gri’ pi:Fi__gpi_ |: g]pi+heatbath(T)
m. W W N W
ph

I p, =det(h)(P™ - PI)+ — | + heat bath(T, )
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Predicting crystalline polymorphs using adiabatic dynamics
T. Q. Yu and MET Phys Rev. Lett. (2011)

Using the AFED framework, we run NPT dynamics using the h-matrix as
collective variables.

Generates the Gibbs free energy surface from the adiabatic probability distribution:

G(h,T)=—-kT. InP, (h,T,T.)

Test case: Benzene crystal using the Gromos 96 force field

T =300 K, T, =32,000-40,000 K

N =216 (3x3x3), P =2GPa

Nine different trajectories were initiated from randomly generated initial
conditions. Total run time over all nine trajectories is 500 ps.



“Phase diagram” of benzene
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GROMOS FF, T =300 K, T, =32,000-40,000 K

N =216 (3x3x3), P =2GPa, Total runtime = 500 ps, 5 ns
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Adiabatic conditionson {s,p.}: T.U T, m_>>m
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d-AFED with a bias potential
M. Chen, M. Cuendet, and MET PNAS (submitted)

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

<_
Apply metadynamics-like bias in the c\l/’d
extended-variable space:
> fls, =s. (8] 120 U..
U bias(s) — Z Ae “ 1as
i

Effective Hamiltonian: ,

S 17l 2
—+ — Y K r)—s +U . . (s
2ma zazl a(qa() a) blas()

P
H(p,r,s,p,)=H(p.r)+)>

a=1

Free energy surface:
({K})
Ay (Spheys)) = =KT In P (s, ..8,) —U (S, 8,)




Using the free energy gradient

If the space of CVs is not too large, then we can employ free energy gradients:
O0A

F (5,,..,S)=——= <Ka (a,(r)- sa)>
0S

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}) = Z C.w.({s})

2. Minimize gradient expansion on a grid:
(k) O3y [
f{CH =D D 10, A{s'H+F, ({s })‘
k a

3. Gives a set of linear equations

Overall scheme: Adiabatic dynamics, high T, gradients, bias — termed U-FED (unified FED).
M. Chen, M. Cuendet, MET PNAS (submitted).



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 00—
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Conformations of the

alanine tripeptide
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Conclusions and perspectives

Adiabatic dynamics allows free energy surfaces to be explored and generated
in a relatively large number of collective variables.

Applications include exploration of crystal polymorphs and small oligopeptides.

Previously also applied to solvation and binding free energies [J. B. Abrams
and MET, J. Chem. Phys. (2006)]

Combining adiabatic dynamics with bias potentials generated in the spirit of
metadynamics further improves the performance. The key is to add the
Gaussians only the extended phase space and not to use them to construct
the FES.

Applications to larger biomolecules and to drug docking currently under way.

Combine with Crystal-AFED for studying crystals of strongly interacting molecules.
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