Potential of Mean Force (PMF)
(finishing lecture 9)

A way how to evaluate free-energy profiles
along a reaction coordinate Q(R) in an explicit solvation environment:

Given a one-dimensional coordinate Q(R), which has been expressed
as a function of the Cartesian coordinates R, its distribution
in an equilibrium ensemble at temperature T can be written as:

P(Q) = Z(Q) Z s the overall configurational integral

/ Z(Q) is the configurational integral over all coordinates

orthogonal to Q(R) at the section Q(R)=Q.

where

Z2(Q=[6QR)-Qe "™ TR & Z=[z(Q)dQ

Free-energy profile is calculated as:

—> G(Q)=-k,TINZ(Q)=—k,TInP(Q)+C




Thermodynamic Cycles for Computation
of a Free—Energy Change
in Condensed Phase

- lecture 10 -
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Case problem: Reduction potential

Half reaction

ne-

OX (g) K - RED (g)

red

OX

[eV]—-nE_, . (reference)[V] |

abs

EV]=G,[eV]-G

red



Absolute potential of a (reference) standard hydrogen electrode

Given as the sum of three terms: G, (H +)Jr IP. .. —%GZH,%HZ =E_, (SHE)
=-11.6eV =13.6eV =2.3eV => 43V

Thermodynamic cycle for the absolute potential of the SHE:

4 — E;bs(SHE)
H (aq) + e (g) e 'H,(g)

c:"solv(HJr) AG =0 _%GZH°—>H2

H(g + e(g —— H@

H*>H*



E°'lV]|=G,[eV]-G,,[eV]-nE_, (reference)[V]

abs

How to evaluate G ?

From lecture 5: Ideal gas-phase, harmonic-oscillator, rigid-rotor
approximation +
protocol based on implicit-solvent model.:

G(T)=Eq +[Ezpve + RT —RT INQ(T )|+ Gy, (T)

the electronic energy
the thermal enthalpic and entropic contributions to the energy of solute

the free energy of solvation --- e.g. through an implicit solvation model such as COSMO-RS
(COSMO)



Calculation of reduction potentials using a thermodynamic cycle

RED RED
Goxg = Eq + [E%,E +RT -RTIn Q{OX}] Grepg =Ear + [EZPVE +RT -RTIn Q{RED}]

OX (g) *RED (g)

Gas-phase optimization & Frequency. calc.
- lower QM level

G Single point calculation G

solv - higher QM level solv

\'J v
o
OX (I) E - RED (l)
Optimization in an implicit solvent
- lower QM level

E° = AEQXR® 1| AEQSREP _RT In Qiox) |, AgoxRe _neo(sHE) |

solv
{RED}

_RTIn {qvibqrotqtrans}{ox} - qvib{OX}

~y

{q vibU rot U trans }{RED} qvib{RED}



OX (1) = - RED (I)

Optimization in an implicit solvent & Frequency calc.
- lower QM level

Single point calculation in an implicit solvent
- higher QM level

E°o = AEOXRED 4 AE;)PXV—ERED—RTan{OX} _ne°(sHE) |

el,solv
{RED}

“the standard approach”

It was demonstrated for aminoacids where the solution-phase geometries differ
appreciably from the gas phase that carrying out high-level single-point
calculations directly in the continuum model on the solution phase species gives
rise to pKa’s and reduction potentials that are in better agreement with

experiment...  pccp — 2015, 17, 2859-2868



Experimental and
calculated reduction
potentials of ferrocenes
derivatives with respect
to the Ag/AgCl 1M LiCl
electrode

DFT(PBE/def2-TZVP) +
COSMO-RS (acetonitrile):

EC range: 0.458 — 1.190 V
MAD (exp/calc): 0.03V
max. dev (exp/calc): 0.1V
E... (SHE)=4.291V

Quantitative
predictivity

Entry Compound Elexp [V] E%ac [V]  1E [eV]®  A(Ezpve — RTINQ)®!  AAG @
[eV] [eV]

1 2i (CH:Ph)  0.463 ; ; ; ;

2 2b (COPh) 0.693 0.712 6.69 -0.028 -1.454
3 2a (CO»iPr)  0.704 0.702 6.80 -0.025 -1.576
4 2c (PPhy) 0.560 0.502 6.26 -0.003 -1.259
5 2k (POPhy) 0.713 0.700 6.57 -0.049 -1.318
6 2d (POsEty) 0.695 0.708 6.65 -0.004 -1.436
7 2e (SPh) 0.610 0.567 6.40 0.003 -1.340
8 2l (SOPh) 0.783 0.735 6.75 -0.016 -1.495
9 2m (SO,Ph) 0.847 0.823 6.84 -0.008 -1.507
10 2f (Cl) 0.624 0.633 6.82 -0.008 -1.679
11 29 (Br) 0.630 0.668 6.83 -0.001 -1.657
12 2h (1) 0.635 0.640 6.77 -0.003 -1.626
13 3i (CH2Ph), 0.458 0.501 6.38 0.012 -1.387
14 3b (COPh), 0.917 0.952 6.77 -0.038 -1.274
15 3a (CO,iPr), 0.914 0.933 6.88 -0.024 -1.399
16 3c (PPhy), 0.653 0.554 6.07 0.016 -1.036
17 3k (POPh,); 0.946 1.000 6.50 0.001 -1.001
18 3d (POsELy), 0.903 0.917 6.53 -0.017 -1.095
19 3e (SPh); 0.681 0.671 6.28 0.050 -1.157
20 3l (SOPh), 0.983 0.994 6.79 -0.005 -1.290
21 3m (SOzPh),;  1.190 1.165 6.94 -0.007 -1.266
22 3f (Cl), 0.771 0.765 6.92 0.003 -1.661
23 3g (BN, 0.797 0.828 6.93 0.016 -1.620
24 3h ()2 0.741 0.768 6.85 -0.009 -1.574




Thermodynamic cycle for calculating pK,

AG
HA(aq) > H'(aq) +  Ataq)
, AG
&GE(HAJ] AGg(Hﬂ“ AGg(AY) pha= R?ln?(i 0)
AG 1o |
HA(g) »H(g) + A(g)

Solvation at the COSMO-RS level or PMF...



Cases difficult for the standard approach (from the implicit solvation point of view):
e systems with a high molecular charge

e polar (and protic) solvents

A
[RU(CN)gJ3#4 = [RU(CN)eP’4 (Hz0)15

,_-‘

E = 1.26 V (COSMO-RS)

§ E‘exp)=0.86V d "
E° =1.94 V (COSMO-RS)

E” =0.12V (SMD) J. Phys. Chem. C 2013, 117,16871




Employing a thermodynamic cycle
in a different way...



Variable Temperature H-atom Addition/Abstraction Approach (“VT-HAA”) : Idea

N [A]*
4
= _pKA,Z
o,

[AH]” [AH]*

E,° as a function of E,,° and E,°

Two assumptions

e Within the implicit solvation model, solvation (electrostatic) interactions of a less charged species
are described more accurately than those of a more charged cognate

e Equivalently charged molecular cognates have comparable solvation (electrostatic) energies,
implying small errors in prediction of their solvation energy difference.




VT-HAA : Derivation

AP [A]”
\ _pKA_Z
+E‘|:’| |
[AH]” [AH]”
1. AE _AGdlag soIv(H) Eabs(SHE) qu

2. AE; =E; -2.3RTpK,, =E;-2.3RTpK,, Eq.2

2.3

=> AG (SHE):;(E{#E;)—

(H ) E RT(pKa,1+ pKa,Z)

dlag solv abs

Eq. 3




VT HAA : Derivation

+E° *
AT — A
) A
- _pK
PKa 1 k N
H
2- -
AHI < [AH]
Eq' 3 —> Eq- 4 |
AG,. (T
d_ng ( ) — _Ti— 2.3R x pKa,eff
with

&= ;(Elo + E;)+ E;bs (SHE)_GSOIV(H +) & pKa,eff = ;(pKa,l T pKa,z)

Eq. 5



VT-HAA : Derivation

Derivation of Eq.4 with respect to T and using Eq.5:
d\AG,. (T
E; =2 AGdiag (TO) _TO ( - ( )) + 2Gsolv (H +)_ 2E;bs (SHE)_ Elo
dT T=T, 1
= —2X IPH’—)H* +GZH'—>H2
= -31.6 eV
1— N
(MO, = " AGdiag (T)
> [MnO,] .
T
o"“.’“’

el

E; = 2¢ - E7 - 31.6[eV])

E -
[MnO,OH]" 1 [MnO,OH] ]

1Ty =1/298K T




VT HAA: Case System

Expt. VT Std.

[MnO,]*/% 0.56V  0.48V -0.18V

= /
Ll £ AGgiag(T)

> [MnO,I” E— .
> [MnO,] = .
"“"

@ i —0 0 “'-.

; , . E,=2¢- ES - 31.6[eV]
[MnO,OH]° [MnO,OH]"™ 1
1/T, = 1/298K = T

Geometry optimization and frequency calculation : BP86+D3 / def2-TZVPD / COSMO (&=80.0)
In vacuo energy:  2c-PBE+D3/dhf-TZVP-2c

solvation energy: 1) COSMO-RS: BP_TZVPD FINE_HB2012 C30 _1201.ctd for “VT-HA”
or 2) COSMO(&=80.0)




Extension to multiple thermodynamic cycles [Ru(CN).*/* & [Ru(H,O)*/3*

E;+1 - 22 (_
/=1

+(-1)" £ -31.6x 5{

o=0 I/f nis even
o=1if nis odd

+

[Ru3*(CN)g]*>

+-
L

[RuPH(CN)g(1xH")*

._%,

[RUSH(CN)g(2xH*)]"

'y

[Ru*(CN)g(3xH™)]°

Anionic species

> [RuZH(CN)g*

[Ru2*(CN)g

> [Ru2*(CN)s(3xH")

(1xH")J*

[RuZ*(CN)g(2xH™)]*-

Cationic species

[RuZ*(H,0)g]>* €

b
N

[Ru*(H,0)5(HO)]*
[RuZ*(H,0),4(HO),]0 €

oy

1

[Ru3*(H,0)¢**

[Ru®*(H,0)5(HO)I?*

[Ru®*(H,0),(HO),]*




Extension to multiple thermodynamic cycles [Ru(CN).*/* & [Ru(H,O)*/3*

E4° = 263 - 282 + 281 -Elo -31.6 fOI’ [RU(CN)6]3-/4-

E,°-2e,+2e,+E,° for [Ru(H,0)3*/?*

Expt. vT Std.

[Ru(CN) 3+  0.86V 096V  0.48V

[Ru(H,0)]>** 025V  0.08V  -0.18V



Experiment vs. “VT-HAA” vs. “Standard approach”

For COSMO-RS solvation model
[Fe(CN)J*+ (1) | | | RE Y
[Ru(CN) ]34 (2) 3r MAD= 014V ; £
: : o
[OS(CN)gJ* (3) MAD = 0.42 V 7
. 5 ]
[Mn(CN)( ]34 (4) 2| 35§1; g . ]
RuOJ=  (5) > 63 Z3
[MnO,]-/ (6) i 10 . /// 5
s o lr 7 i o7 .
[Fe(EDTA)]X/2-  (7) Q 12;1§ .
[Co(H0)6]*>  (9) ®or . //. : |
Ru(H,0) (10) O 1 A ® VT-HA protocol
[Ti(H,0)6l*2*  (11) Y ¥
[V(H,0)P"2  (12) 1 7 |
74
[Cu(H,0).]3/2* (13) P la
2 x 0 1 2 3

Experimental £E° /V

E°.c = 0.992E°,, —0.067V  E°,. =0.944E°, —0.371V
R?=0.97 R2=0.92

calc



Experiment vs. “VT HAA” vs. “Standard approach”

For COSMO solvation model

[Fe(CN)]37+ (1) 9
[Ru(CN) ]34 (2) 3t MAD= 024 V i

[Os(CN)g>+ (3) MAD= 1.1 V 43°1 5
' 1 i 5
[Mn(CN) 3+ (4) 2| 10; & N |
[Ruo,] %> (5) 3 ' :
[MnO,]*/* (6)
[Fe(EDTA)™>  (7)
[Fe(H,0)¢]**/>*  (8) 8 2 ¢

11 yss
[Co(H,0)/2* (9) 0 ; 3 b
Ru(H,0)¢*>* (10 e
Lol 7 Ye ® V/T-HA protocol
[Ti(H,0)g]>/%* (11) yar -

[V(H0)6]*>  (12)

4 oi il 13

Calculated E° / V
\

[Cu(H,0)¢]3+/2* (13) oz
-2 2 ] I 1

0 1
Experimental E° / V
E°c=1.072E°,,-0.218V  E°  =1.102E°,,—0.261V
R?=0.96 R2 = 0.44

3

calc



Comparison with more advanced QM/MM MD
Thermodynamic Integration

Wang & Van Voorhis J. Chem Theory and Comput. 2012, 8,610:

E, (calc, V vs. NHE)

Reduction Potentials

L 3

Aqua lons, QM/MM, B3LYP RMSD=0.357V ==t
1 | 1 1 1 1

+
+*

culll.ﬂl

+ Pl

el Co!
Fe””'?{'cm
+ .26{
L 2

yiin ,...

v 1_ £

;GQ""'[NH‘.,}

i Organics RMSD=0.216V
Sandwiches RMSD=0.372V

Complexes RMSD=0.372V

Aqua lons, PCM RMSD=1.484V

8+ >

-

0 1 2
E, (expt, V vs. NHE)

3

4

5

RMSD = 0.357 V

versus

our “VT-HAA” approach: RMSD = 0.035 V (COSMO-RS)

RMSD =0.270 V (cosmo)




QM/MM MD Thermodynamic Integration

* A Polarizable QM/MM

«E(1)=AE, +(1-A)E,
()/ ( )\d

* Thermodynamic Integration

A_ 0 g 15 ) s D)

di~ dAa T 724~ da dA

* Linear response approximation (dA/dA) is linearly dependent on )
1

AA = j < >d}t = 2(< o~ Erat o+ Eoc ~ Eret )

AA ~ AG (if ApV 1s negligible) 2 E°



VT-HAA - Possible Failures

Expt. VT Std.
[Ru(en)3]2”/3+ 0.21V -1.17V 0.05V
The correct “ideal” cycle > The incorrect cycle
2+ 3+ 2+ 3+
H H H
M2 M3 M2 M3
| I I I

2+ 3+ 2+ 2+

M\N@ M\Ne M\Ne M\N'




VT HAA employing CI- counterions

[ Rud*(en), ‘H,0-H,0 P**

~AGgp(0x) l

E; =(AG, ,(ox)- AG,_,(red))[eV]

-2e,+2e,-E;

clr
H}P .
[Ru(en),]?*/3*
Expt. 0.21V
VT with CI -0.18V

VT without CI- -1.17V

[ Ru2*(en), -CI"-CI" |°



More elaborated thermodynamic cycles..



Reduction potential of an enzymatic complex:
Manganese superoxide dismutase

Catalyzed reaction: 20, +2H™ - H,0, +0,

Entrance/Exit channel Electrostatic potential map

HOH >\ gagen_ta: intratr;ce:’(ixit channel Blue: positively charged region
ﬁ reen: protein backbone Red: negatively charged region
Ball: active site
"'\N//\

s

ma\]ﬁHis)E OEA spHZO 27



QM/MM thermodynamic cycle perturbation - QTCP

AA of a reduction process:
A'AC)M!IVIM

QTCP:

Red

(QM/MM)

P Ox

(QM/MM)

AAQMIIVIM =—AA, ,MMHQM!MMJFAAMM—FAAZ,MM*QM!MM T

(Red)-E,, (Red))

(£
-AA=kT ln<exp[ Sl

kT

]>

(E

T QMMM

Ox)-E  (Ox))

AAo=-kT ln<exp[

kT

]>

N

i=M

-kT(Z In{exp[~(E(h )~ E\ )/ KT ) + Zln(exp[—(E(kf_l) ~EQ. ))]/kT> )

!

Red
(MM)

1 1 |
hi-1 A A+

A €(0])
A, =0

charge perturbation

A =1

hj-1 Aj A+

kf - (0,1}
coordinate perturbation

-
N
Ox

(MM)




AGP

Mn2+H,0 » Mn2+-OH" 0.26-0.40 V — experiment
0.30 V- QTCP
Mn3+-H,0 » Mn3+-OH-
AGES

In the case of metalloproteins, the explicit protein environment may have a
significant effect on the calculated reduction potentials, as it was demonstrated on
the examples of plastocyanin and rusticyanin. Despite the high similarities between
the copper-containing active sites of both proteins, their reduction potentials differ
by more than 300 mV. This phenomenon was found to arise from the long-range
electrostatic interactions of the active sites with amino-acid residues,

the resulting shift in plastocyanin and rusticyanin being =166 mV and +170 mV.

QM/MM- FEP ; QTCP... - suitable techniques to
study reduction potentials and pK, in enzymes.
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