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Why molecular dynamics at constant pH?

protonation states are variable

third domain of turkey ovomucoid inhibitor at pH = 4

ps

protonated

deprotonated



Why molecular dynamics at constant pH?

in silico titration experiment

MD simulations at different solvent pH values
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pKa’s of proteins

cardiotoxin V

Plamen 0.8
Dobrev

(M

0.6~

04

% titrated

0.2}

residue
Glu17 3.77 (0.06) 3.73 4
Asp4?2 3.8 (0.07) 3.64 3.2

NMR data: Biochemistry 35 (1996) 9167 Aspd9 |2.44(0.12)  2.84 <23



pKa’s of proteins

epidermal growth factor

% titrated

residue CPHMD

Asp11 |3.74 (0.07) 4.2 (0.13) 3.9
Glu24 [3.77 (0.12) 3.78 (0.15) 4.1

Asp27 13.79(0.07) 3.8 (0.08) 4
Asp40 ]3.66(0.09) 5.33 (0.28) 3.6
Asp46 |3.38 (0.09) 4.1 (0.34) 3.8
NMR dataBiochemistry 30 (1991) 4896 Glud1 4.0 (0.09) 4.1(0.24) 4




pKa's of other stuff

monolayer protected gold nano-clusters

surface pK, & charge distribution

J. Koivisto, X. Chen, S. Donnini, T. Lahtinen, H. Hakkinen, G. Groenhof. M. Pettersson J. Phys. Chem. C 120 (2016) 10041



Molecular dynamics at constant pH: how!

protons as extra degrees of freedom

S ELE

5 025 050 o075
A

dynamics of A-particle (protonation)
mad?\/dt* = =0V (x, \)/O\

X. Kong & C.L. Brooks J. Chem. Phys. 105 (1996) 2414
M.S. Lee, J.F.R. Salsbury, C.L. Brooks Proteins 56 (2004) 738
S. Donnini, F. Tegeler, G. Groenhof. H Grubmuller JCTC 7 (2011) 1962



Why interpolate between the Hamiltonians!?

partition function

A ' ; B
H(\)
AN =2 exp =7 gﬁﬁ
with masses untouched 4 ‘ d
0 o.'25 o.'50 o.'75 '1
A

H(A) = Tiin + V()




Why interpolate between the Hamiltonians!?

partition function

A ’ ? B
H(\)
AN =2 exp =7 éﬁé
with masses untouched d é %
0 o.'25 o.'so o.'75 '1
A

H(A) = Tiin + V()

free energy

G\) = —kTg In Q(\)



Why interpolate between the Hamiltonians!?

partition function

A 4 - B
H(\)
with masses untouched d é é %
0 0'25 0150 0'75 '1
A

H(A) = Tiin + V()

free energy

G\) = —kTg In Q(\)

derivative
H()\)

0G _ X P—g7 _ JOH\ _ /OV
O Yexp—HX  \orA/  \ A

kT




Why interpolate between the Hamiltonians!?

partition function

Zexp—kBT ; F.EE : ;‘g:: ; !.3:2 ; i%:i : i%!;
with masses untouched

H(A) Tkln + V

free energy

G\) = —kTg In Q(\)

derivative
H()\)

0G _ X P—g7 _ JOH\ _ /OV
0N Yexp-— H(M S \NOXN/  \ O

free energy dlfference (work along A): thermodynamic integration

L oG LoV
AG = O md)\ /O<a>/\d>\




Molecular dynamics at constant pH: how!

protons as extra degrees of freedom

S ELE
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Molecular dynamics at constant pH: how!

protons as extra degrees of freedom

S ELE

5 025 050 o075
A

dynamics of A-particle (protonation)
mad?\/dt* = =0V (x, \)/O\

Vix,\) = (1-=XNVAx)+AVB(x)+UN)+

ART In(10)[pK™Y

, ref

— pH] + AGSS (M)



V(x,A) = (1-NVAx)+AVE(x) +U(N)+
ART In(10)[pK 5 — pH] +AGSH ()
Aé(ﬁﬁ()\) obtained by thermodynamic integration (pH = pK,)
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vini (A) obtained by thermodynamic integration (pH = pKa,)

o

third order polynomial

S. Donnini, R. T. Ullman, G. Groenhof. H Grubmduller JCTC 12 (2016) 1040



V(x,\) = (1—NVAx)+AVB(x)

ART In(10)[pK®® . — pH]|+|AGgr ()

A ~§(ﬁﬁ()\) obtained by thermodynamic integration (pH = pKa)

v

o

third order polynomial

pH dependence
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Molecular dynamics at constant pH: how!

protons as extra degrees of freedom

S ELE

5 025 050 o075
A

dynamics of multiple A-particles (protonation states)
may, d*\; /dt* = —OV (x, X) /O

V(x,\) = HX)+>_.[UN)+

A RT In(10)[pKSP. — pH] + AGST (s, N)]

a,ref;



Molecular dynamics at constant pH: how!

protons as extra degrees of freedom

n&{fiéﬁ

0.50
A

dynamics of multiple A-particles (protonation states)
may, d* )\ /dt2 -0V (x )\)/8)\

= (ZA) 0

A RT In(10)[pKSP. — pH] + AGST (s, N)]

a,ref;




Interpolation schemes

linear interpolation of Hamiltonians for one A-group

HA) =1 -\NH+\H!



Interpolation schemes

linear interpolation of Hamiltonians for one A-group

HA) =(1—-\NH+ ) H!

protonated deprotonated
HY = 3 iy ety HY = 5 Y ol
_|_ anox nbox Zg Zg — kl A _|_ anox nbox Zg Z? — qz q]B

_|_ Z?’Lbox ’nbox Z Z] — qzq] _|_ anox nbox Z Z] o qu]



Interpolation schemes

linear interpolation of Hamiltonians for one A-group

HA) =(1—-\NH+ ) H!

protonated deprotonated
HO = 4 3 vox 3 hox 39 Zg TM g, HY = 4 3 0ox 3hox 39 ZJ Tgkl B,
L 3 e g Tos $ 3 TJ _ Aq;x 1§ e §Tbox $ J Tj _ _L_¢Byp
LD DD DD DD Dt 1117 5 2T 2 o 4
derivative
OH _ pl_ [PO

_I_anox ’nbox Zg Z] — q@ qj 4+ 1 anox nbox Zg ] — q@ qj

anox nbox Zg Z qz qj nbox nbox Zg Aqf

J ng kl ] TW kl




Interpolation schemes

linear interpolation of Hamiltonians for two A-groups
HA,x2) = (1=A)[1 = X2)H + XoH ]+ M ((1 = X)HYY + Mo H™)
= FHO — A HO — A HO 4\ Ay HO
FALHOL — A N\ HO!

—|—)\1H10 — )\1)\2H10 -+ )\1)\2H11



Interpolation schemes

linear interpolation of Hamiltonians for two A-groups
HA,x2) = (1=A)[1 = X2)H + XoH ]+ M ((1 = X)HYY + Mo H™)
= FHO — A HO — A HO 4\ Ay HO
FALHOL — A N\ HO!

FAHY — N HY + A\ o HH

protonated, protonated protonated, deprotonated deprotonated, protonated deprotonated, deprotonated

HY = 453 i N ey H = 43 2 N N e, HYY = 43 N N N ey HY o= 4 o N N ] i
e N N e g T T Y e DY D VD B vl i T Y oy
+ Z'Zbox 291 292 Jlkl ;A + Z'Zbox l Nbox Zfl Z?Q mjl,kz _ Qj + ZZbox 291 Z;}z L qz qj + ZZbox l Npox Zfl z?z L qu Qj
FEp T R T et FE T T T et FE T T T LT T T e
PV LD DYDY I PDLD WALV DY I EEPDLD VLDV DY o il DYDY I

+ ZZbox ?box 2192 Z;l - 1M ql QJ + ZZbox . MNbox zfz Zj Tij’kl qz‘ Qj 4 ZZbox Zgz Z] o qz q] 4 ZZbox l MNbox Zi}z Zj rij’kl qi Qj



Interpolation schemes

linear interpolation of Hamiltonians for two A-groups

H()\l,)\g) = —|— anox nboxz Z] T MQZQJ

—|— Z’I’Lbox nbox Zgl J P [(1 — )\ )q’L q] —|_ )\ q’l q] ]

13 eex S box 0 23612 - (1 — X)g? + M\gP][(1 — )\g)q;4 + Azqf]
—|— Z’nbox nbox Zgl Zy F— [(1 — Al)qz _I_ Alq’l, ]
—|— Z’nbox nbox Zgz ; r—kl[(l A ) qA _|_)\ qz q] ]

_I_ Z’I’Lbox nbox 292 Z;L Fp— [(]_ — )‘2)% _I_ )\2q’l, ]




Interpolation schemes

linear interpolation of Hamiltonians for two A-groups

H()\l,)\g) = —|— anox nboxz ZJ T MQZQJ

—|— Z’I’Lbox nbox Zgl ] P [(1 — )\ )q’l, q] _|_ )\ q’l q] ]

13 eex S box 0 23612 - (1 — X)g? + M\gP][(1 — )\g)q‘;-4 + quf]
—I— Z’nbox nbox Zgl Zy F— [(1 — Al)qz _I_ Alq’l, ]
—|— Z’nbox nbox Zgz ; r—kl[(l A ) qA _|_)\ qz q] ]

_I_ Z’I’Lbox nbox 292 Z;” Fp— [(]_ — )‘2)(]@ _l_ )\2q’l, ]




Interpolation schemes

linear interpolation of Hamiltonians for two A-groups

H()\l,)\g) = —|— anox nboxz ZJ T MQZQJ

—|— Z’I’Lbox nbox Zgl J P [(1 — )\ )q’L q] _|_ )\ q’l q,] ]

4 anox nbox Zgl J — [(1 — Al)qz + )\1q,& ][(1 — )\2)613-4 + )\quB]
—I— Z’nbox nbox Zgl Zj F— [(1 — Al)qz _I_ Alq’l, ]

Nbox TL ox g2
_I_Zb ’ Z J"“—kl[(l )\)qzq]+)\qij]

—|— Z’I’Lbox nbox 292 Z;L — [(]_ — )\2)q’l, —I_ )\2q’b ]

three-step evaluation

calculate Coulomb energy for a system with interpolated charges

NE2 ND1



Interpolation schemes

linear interpolation of Hamiltonians for two A-groups

H()\17 )\2) _ —I— Z’I’Lbox ’nbox Z ZJ sz — qij

—|— Z’nbox nbox Zgl J TZJ - [(1 — )\]—)q?q] _|_ )\ q’L q] ]

4 anox ”nbox Zgl J ng » [(1 — Al)qz + )\16],& ][(1 — )\Q)C];l + )\quB]

_I_ Z’nbox nbox Zgl Z?’L [(1 . Al)qz _I_ )\qu ]

J ng kl

—|— Z’nbox nbox 292 J m[(l )\ )q’l, q] _|_ )\ q’L q] ]

_|_ Z’I’Lbox nbox 292 ZJ rzj - [(]_ — )\2)q’l, _I_ )\2q’b ]

three-step evaluation

calculate Coulomb energy for a system with interpolated charges

subtract internal interactions of A-groups | and 2 with interpolated charges




Interpolation schemes

linear interpolation of Hamiltonians for two A-groups

H(A,X2) = +5 20 20 20 ) v o @iy
3 0 N T T (= M)alta)t + MaP el
Y N m ——[(1 - Mgt + Agl][(1 = X2)g)t + Aagl]
+ 30 2 2 ) e (= A)at + Mgl

—|— Z’nbox nbox 292 ZQQ m[( )\ )q’l, q] _|_ )\ q’L q] ]

_|_ Z’I’Lbox nbox 292 ZJ rzg - [(]_ — )‘2)(1@ _I_ )\2q’b ]

three-step evaluation

calculate Coulomb energy for a system with interpolated charges
subtract internal interactions of A-groups | and 2 with interpolated charges

add internal interactions of A-groups | and 2 with A and B charges




Interpolation schemes

linear interpolation of Hamiltonians for two A-groups

H(A,X2) = +5 20 20 20 ) v o @iy
o T U A= A)al et + Mg ]
2D DD Dl Wl Byl % ——[(1 - Mgt + Agl][(1 = X2)g)t + Aagl]
+ 30 2 2 ) e (= A)at + Mgl
o T Nt T o (M= Mgt et + Aeg ]

+ 30 T 2y (L= M) gt + Aadlg

J ng kl

three-step evaluation

calculate Coulomb energy for a system with interpolated charges
subtract internal interactions of A-groups | and 2 with interpolated charges

add internal interactions of A-groups | and 2 with A and B charges + :
NE2 ND1

5 PME calls & corrections to cartesian gradients



Interpolation schemes
linear interpolation of Hamiltonians for two A-groups
HA,x2) = (1=A)[1 = X2)H + XoH ]+ M ((1 = X)HYY + Mo H™)
= +HY — XNH® — N\ H® + A A HY
FAHOY — M\ Ay HO

—|—)\1H10 — )\1)\2H10 -+ )\1)\2H11

derivatives
g—)\l_{l p— _I_ anox nbox Zgl Zgl TZJ — (qZBqJB . qqu)
—I— Z?’Lbox nbox Zgl 292 ,’,,lj - (Q’I, — q’l, )[(1 — )\2)q34 _I_ )\QQJB]

—I— Z’nbox nbox Zgl Z:’; — (qz L q;4>qj




Interpolation schemes

linear interpolation of Hamiltonians for two A-groups
HA,x2) = (1=A)[1 = X2)H + XoH ]+ M ((1 = X)HYY + Mo H™)
= FHO — A HO — A HO 4\ Ay HO
FALHOL — A N\ HO!

—|—)\1H10 — )\1)\2H10 -+ )\1)\2H11

derivatives

OH . Nbox nbox g1 g2 L L
e = T2k > T (= M)ef + Mgl (e —a))
a2l T @ — 4 a)

—|— Z’I’Lbox nbox 292 Z;L — (qz . qf)q]




Interpolation schemes

linear interpolation of Hamiltonians for 3 A-groups

HA, A2, h3) = (1= A1) (1= A2)((1 = Ag)HO 1 \g HO01)
+A2((1 — A3)HY + A3 HO11))
(1 = ) (1 — Ag)H00
FASHON) 4 Ag((1 — A3) HMO
FAg HLY)

three-step evaluation

calculate Coulomb energy for a system with interpolated charges
subtract internal interactions of A-groups 1,2 and 3 with interpolated charges

add internal interactions of A-groups |, 2 and 3 with A and B charges + :
NE2 ND1

/ PME calls & corrections to cartesian gradients



Interpolation schemes

linear interpolation of Hamiltonians for N A-groups

H(M, Ao, An) = (1= Ap)...

2N terms in the Hamiltonian

three-step evaluation

calculate Coulomb energy for a system with interpolated charges
subtract internal interactions of A-groups | - N with interpolated charges

add internal interactions of A-groups | - N with A and B charges +
NE2 ND1

2 N + | PME calls & corrections to cartesian gradients



Interpolation schemes
linear interpolation of charges for one A-group
H'(A) = +300" 20 200 2y oo (L= Mg + Agi’lg;
5 2o, 2 Y T = (1= Mgt + AP = Mgt + AP

—|- anx nbxz Z?rlquij




Interpolation schemes
linear interpolation of charges for one A-group
H'(A) = +300" 20 200 2y oo (L= Mg + Agi’lg;
5 2o, 2 Y T = (1= Mgt + AP = Mgt + AP

_l_ anox nbox Z Zj o qij

after some hopefully correct algebra

1 Npbox Mbox

H'(A) = H(\) + SA( - > > > >‘

~ T4, kl

A —a’) @ — )




Interpolation schemes
linear interpolation of charges for one A-group
H'(A) = +300" 20 200 2y oo (L= Mg + Agi’lg;
5 2o, 2 Y T = (1= Mgt + AP = Mgt + AP

_I_ anox nbox Z Zj o qij

after some hopefully correct algebra

1 Npbox Mbox

H'(A) = H(\) + SA( - > > > >‘

~ T4, kl

A —a’) @ — )

important for parameterisation with Hamiltonian interpolation

AGCOI‘I‘ ()\) s AGCOI‘I‘ ()\)



Interpolation schemes
linear interpolation of charges for one A-group
H'(A) = + 30" 2 20 207 v [ = Mg + Aq’]g

1 Npox nbox g
+35 2k D i

(1 =Ng + AgP](1 = Ngt + AgP]

J rzg kl

_|_ anox nbox Z Zj — qij

derivative

- ¢ ) (¢

—q7)

OH' aH 1 g A
O\ 8)\ _5 Z‘SZ:SZ:SJ:T@]M

important for parameterisation with linear interpolation

A A
AGETE (\) = /O <2§>di’: /0 (Y (x) — H(x)) 5 dN




Interpolation schemes
linear interpolation of charges for one A-group
H'(A) = + 30" 2 20 207 v [ = Mg + Aq’]g

1 Npox nbox g
+35 2k D i

(1 =Ng + AgP](1 = Ngt + AgP]

J rzg kl

_|_ anox nbox Z Zj — qij

derivative

8]_1/ aH Nbox Mbox YJ g
S RLEH) I




Interpolation schemes

linear interpolation of charges for one A-group

derivative

8813[\ — _I_ anox nbox ;‘g ;‘] — ( q;4 _I_ qF)q]
_|_ anox nbox Zg
_I_ anox nbox Zg

— Zf (I)/()‘a ri)AQi

(=g +¢7)[(1 = Ng' + A7

.] rzg kl

(1= Ng* + 2gPl(—q + ¢F)

.] rzg kl

Ag; = QF — q;A



Interpolation schemes

linear interpolation of charges for one A-group

derivative

8817)[\ — _|_an0>< nbox ;:f Yj — kl( Qf 4 q,L'B)Qj
_|_ anox nbox Zg
_I_ anox nbox Zg

— Zf (I)/()‘a ri)AQi

(=g +¢7)[(1 = Ng' + A7

.] rzg kl

(1= Ng* + 2gPl(—q + ¢F)

.7 ng kl

Ag; = %{B — q;A



Interpolation schemes

)

I ——ee—

Berk Hess

linear interpolation of charges for one A-group  °

derivative

8811 — _|_an0>< nbox S:f ;ﬂ] - kl( q€4_|_qu)qj

—|— Z’nbox nbox Zg j TZJ " ( q;4 —|— q’I,B)[(l — )\)q34 _I_ AQf]

5 2 2 0 2 A= Ne + AaPl(—at + qf)

Tij,kl

=7 P'(\1i)Ag

electrostatic potential of system with interpolated charges

Nbox Mbox N Nbox Mbox Y 1

AT =D >N %+> > D>

4
7’)
e ] j 17, kl

(1= N + Ag7]

.4 ng




Interpolation schemes "

)

——ee—

Berk Hess

linear interpolation of charges for one A-group  °

derivative

8811 — _|_an0>< nbox S:f ;ﬂ] - kl( q€4_|_qu)qj

—|— Z’nbox nbox Zg j TZJ " ( q;4 —|— q’I,B)[(l — )\)q';4 _I_ AQf]

5 2 2 0 2 A= Ne + AaPl(—at + qf)

Tij,kl

=7 P'(\1i)Ag

electrostatic potential of system with interpolated charges

nb:x nb:x n Nbox Mbox 9 1
Y=Y > > g5 + > > > —11=Ng' +2q]]
3 : — T4,k j T35kl

one PME call to get cartesian and A gradients



Interpolation schemes

charge interpolation versus Hamiltonian interpolation

example:

deprotonation of ASP in water
(10 ns per A point)

-600) | &€ dH/dA interpolated charges
—— AG interpolated charges = -329.198

| | &< dH/dA interpolated Hamiltonians

—— AG interpolated Hamiltonians = -329.153

W 1y
8005 0.2 0.4 0.6 0.8

A

— k=



Interpolation schemes

linear interpolation of charges for two A-groups
H/()\l,)\g) = +5 anox nboxz Zj r MQ’LQJ

_|_ anox nbox Zgl Z;L F— [(1 — )\]_)qZ —l_ >\]—q'l, ]

+5 00 2 ) o (= M)t + Mgl ][ = Mgt + Aag)]

4 Z’I’Lbox nbox 291 252 — [(1 — )\1)% + )‘1% H(l — )\2)q3'4 -+ )\quB]
4l L $~Tbox 3 Mbox $92 Zg2 o (1 — X2)g + XagP][(1 — )\2)(]34 + )\quB]

_|_ Z’I’Lbox nbox 292 Z;” Fp— [(1 — AQ)q’L _|_ )\QQ’L ]




Interpolation schemes

linear interpolation of charges for two A-groups
H/()\l,)\g) = +5 anox nboxz Zj r lesz

_|_ anox nbox Zgl Z?’ F— [(1 — )\]_)qZ —l_ >\]—q’l, ]

+5 00 2 ) o (= M)t + Mgl ][ = Mgt + Aag)]

4 Z?’Lbox nbox 291 252 — [(1 — )\1)% + )‘1% H(l — )\2)q3'4 -+ )\quB]
4l L $~Tbox 3 Mbox $92 ZgZ o (1 — X2)g + XagP][(1 — )\2)(134 + )\quB]

_|_ Z’I’Lbox nbox 292 Z;” Fp— [(1 — AQ)q’L _|_ )\2q’l, ]

after some hopefully correct algebra
H' (M, Ae) = H(A, M)
sAL(AL = 1) Doprox doree Yoy m( —q) (¢ — ¢P)

+%>\2()\2 —1) nbox nbox Zgz j m(qz —4q; )(6134 — QJB)



Interpolation schemes

linear interpolation of charges for two A-groups

derivatives
I = X X Y = (dP —af)g
_|_ Z’I’Lbox nbox Zgl Zgl TZJ — (Q’L — q;4)[(]_ — )\1)q34 _|_ Ale]
3 Pbex §box $1 Zgz "“z:, . (¢F — ¢M)[(1 - )\Q)qf + )\qu]
gl)i = 4 anox nbox 292 Z;L oy (Qz . qzél)qj

_|_ anox nbox ZQQ ZQZ TZJ — (qu — q;4)[(1 — )\Q)q‘;4 _|_ AQQ']B]

F2 0 Y —— (6 — o) = M)+ Mg ]

Tij,kl




Interpolation schemes

linear interpolation of charges for two A-groups

derivatives

OH &
a)\l :Z(I)/()\la)\Qari)AQi

OH &
5’>\2 — Z(I)/()q))\Qari)AQi

electrostatic potential of system with interpolated charges

(I)/()‘lv A2, ri) = + anox nbox Z;L mjl,kz s
—I— anox nbox Z;l’l — [(1 — )\1)(]] _I_ >\]_q] ]
—I— anox nbox Z;LQ — [(1 — )\2)(]] _I_ >\2q,] ]



Interpolation schemes

linear interpolation of charges for N A-groups

derivatives

oH' I
I :Z@,(Aari)AQi

electrostatic potential of system with interpolated charges

@/()\7 I'i) _ Z/box 'lnbox Z;l Tijl,kl q;

N Nbox Nbox N
0 o P = [(1 = M) g+ A

Tij, ki

one PME call to get cartesian and A gradients



modular constant pH code in Gromacs

few modifications to do_force()

return electrostatic potential on atoms of A groups

local A-dynamics routine
md.cpp

rvec *phi=NULL;

snew [phi,md->nr];

init lambda dynamics (inputrec, cr,
mdatoms, top, ..):

do force(fplog, cr, 1r, step, nrnb, wcycle, top, groups,
state->box, state->x, &state->hist,
f, force vir, mdatoms, enerd, fcd,
state->lambda, graph,fr, vsite, mu tot, t,
mdoutf get fp field(outf), ed, bBornRadii,
(bNS ? GMX FORCE NS : 0) | force flags, phi);

do lambda dynamics (inputrec, cr,
mdatoms, top, phi, ..);



modular constant pH code in Gromacs

few modifications to do_force()

do lambda_ dynamics()

calculate the gradients with the electrostatic potential

OH' . B4
O — Z(I) ()\,I'j)qu qu' — qj — qj ] - >\z
J
8H/ dUZ dAécorr,i
— RT'In(10) [pKa rer, — pH| — d}\MM

o= _
At ONi  d\;

update the Ai-coordinates

1 1 At
(4 ZA) = oy (t — =Ab) + —F
Uy, ( +35 ) = vy, ( 5 )+mA N

1
A; (t -+ At) = A\ (t) -+ At?})\i (t + §At)

update charges in mdatoms and/or communicate A;

q; = (1 — Ai)qf‘ + Aiqf 7 E N



constant pH input
multiple A states in topology file

sequential entries

redmine issue #1653

[ atoms |

;state A state B
l. .
Resnr N ::;‘:%"' \
J N3

Resnr N /_\

Resnr N i.j'f;?;.f
A2

constraint
proton-SHAKE /\1

coupled sites

' ?
What abOUt POSt'On updates ’ S. Donnini, R. T. Ullman, G. Groenhof. H Grubmiller JCTC 12 (2016) 1040



Proton transfer in force field simulations

morph between donor and acceptor

YYYYY
.1. @k A J& A

0.50

A

dynamics of A-particle (proton transfer reaction coordinate)
mad*\/dt* = —OV (x, \) /O
V(x,\) = (1-MV2x)+\VB(x)




Proton transfer in force field simulations

detailed balance
Monte Carlo selection of donor-acceptor pairs

A-dynamics for proton transfer

Maarten
Wolf

J. Comp. Chem. 35 (2014) 657



Proton transfer in force field simulations

incorporating Grotthuss shuttling mechanism

more realistic than classical hydronium
diffusion constant

solvation structure & dynamics

general applicability

straightforward parametrization protocol

rate D(H") D(H30%) D(H20)
s 10°cm?4s-? 10-5cm?s™ 10-5cm?s™

force field | Zundel/Eigen

SPCE 0.67/0.33 0.4 4 1 2.5
TIP3P 0.76/0.24 0.24 4.4 4.4 5.3
SWM4-NDP | 0.75/0.25 0.49 4.1 4.1 2.3

reference 0.72/0.28 0.6 9.3 9.3 2.3
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constant pH input
multiple A states in topology file

sequential entries

redmine issue #1653

[ atoms ]

; 1d typeA resnr resname atname cgnr chargeA massA typeB chargeB massB
1 AR_dum 1 AR AR 1 0 39.948 AR -1 39.948

2 AR_dum 2 AR AR 2 0 39.948 AR 0 39.948

3 AR_dum 3 AR AR 3 0 39.948 AR +1 39.948

constraint
proton-SHAKE

coupled sites

what about postion updates!?
A1

S. Donnini, R. T. Ullman, G. Groenhof. H Grubmduller JCTC 12 (2016) 1040



Internal interaction
approximation

monopole expansion
self-energy of +| point charge

> (@l —a")

)

=1

internal energy of Glu-

PME energy of +1 point charge +

PME energy of Glu-

no additional PME call

PME energy of point charge vs box size

energy (kJ/mol)

60

40

20

-20

-40

| ! | !
internal energy of Glu-

PME energy of Glu-

PME energy of +1 point charge

10 15
box length (nm)



