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The multiscale challenge: the hydration shell

O Original motivation: how do we model the deviations from
bulk behavior in the first layers of solvent?

O Can such a theory apply to mesoscopic systems e.g. colloids?

O This is true for pure water as well as electrolytes, organic
solvents, ionic liquids, ...



The Basic Continuum Solvent Model

1. Inside the protein

_Zi q:i0(r —r;)
€protein €0

2. Outside (assume the solvent is infinite)*

vQSpsolvent (T) =0

3. Boundary conditions at the interface
Pprotein (TF) — Psolvent (TF)

8S0protein 8gpsolvent

€protein — €solvent
P on on

VQ ¥protein (T) —

*To include solvent ions:
Vzgp(r) — k2 sinh ()
Born, 1920; Kirkwood, 1934; Roux and Simonson, 1999
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Beyond the continuum hypothesis: nonlocal models

« On protein length scales, water has finite size
 Water forms semi-structured h-bond networks

- ~ Protein,
. Hydrogen bonds
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* ldea: test nonlocal continuum models like in mechanics (gradient
theories) and electrodynamics (spatially dispersive media)
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A simple nonlocal dielectric model

dPolarization charge as a Relative density of water oxygen

function of distance from the f_ | No_H20 radial distribution ]
ion: not simple
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Nonlocality’s impact on the water electric potential

O First fast BEM solver for proteins in nonlocal solvent

~Local model _ ~ Nonlocal model

Bardhan and Hildebrandt, DAC ‘11



Nonlocal Results: New explanation for pKa controversy
Get realistic answers using experimental dielectric constant

Experimentally measured protein dielectric constants

—e— Standard model
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Are charge-burial prediction problems about

flexibility or dielectric contrast?
Realistic parameters now give reasonable answers
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Bardhan, J. Chem. Phys. 2012



Adding more realism (the water oscillations)

61.5A

-20

56.2A

Cerutti ‘07
Bardhan, JBMB ‘13



Nonlocal models from Landau-Ginzburg theory

O Kornyshev LG theory leads to
h = A1 P{+As(V P1)*+B1P; +Ba(V Po)*+C1if° +C2(Vn)* +y PV —(Pi+P2) D.
O Medvedev added another coupling
F[P;(r),0S(r)] = %é / Xo;1(r — v')Pi(r)P;(r')drdr’
—/P(r)Eext(r)dr+g/[5sz(r)

+12(V6S(r)?|dr + /’}(I‘ —1")P2(r)V4S(r)dr.

Ren and Bardhan, in prep



First look: Poisson solvent with charge oscillations

Electrostatic potential for both: Electrostatic potential
Dirichlet boundary conditions T F ¢ LT &

Displacement potential:

Qd Lorentz nonlocal model
boundary conditions

O ad hoc boundary conditions

i 1 i i : i ! i i
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Difference between Kornyshev+Medvedev

Domain size =42.691900
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Temperature effects? Not so good.
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Parameterizing using explicit-solvent MD

d Charging free-energy perturbation (FEP) calculations

Nonlocal models use correlation lengths from 2 to 40 Angstroms.
o Small values (1-4 A) are appropriate for matching explicit solvent FEP

o BUT charge-sign asymmetry dominates for surface charges
Symbols: FEP
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Known theory failure: hydration asymmetry

FEBRUARY,

JOURNAL OF CHEMICAL PHYSICS VOLUME 7

The Free Energy of Hydration of Gaseous Ions, and the Absolute Potential of the

Easy solution for ions:

Solvation free

Adjust radii

Normal Calomel Electrode

WeNDELL M. LATIMER, KENNETH S. PrtzER AND CyRIL M. SLANSKY
Department of Chemistry, University of California, Berkeley, California

(Received December 7, 1938)

The free energies of hydration of the alkali and halide ions are found to agree reasonably well
with the simple expression of Born (—AF=(1—1/D)Ne?/2r,) for solution of charged spheres

in a dielectric medium, provided the crystal radii are suitably modified so as to correspond to the
radii of the cavities in the dielectric medium. The results show that the dielectric constant of
water remains large even in the intense field next to the ion. The entropies of hydration are also
found to be consistent with these radii. Because of the simplicity of this calculation, the resulting
free energies of solution of individual ions are considered to be a priori the most probable and
are used to calculate a value of —0.50 volt for the absolute potential of the calomel half-cell.
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But: the slope is not zero at g=0
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Continuum model’s failure is simple for ions..

FEBRUARY, 1939 JOURNAL OF CHEMICAL PHYSICS VOLUME 7

The Free Energy of Hydration of Gaseous Ions, and the Absolute Potential of the
Normal Calomel Electrode

WenNpELL M. LATIMER, KENNETH S. PITZER AND CYRIL M. SLANSKY

E a Sy S O l u t i 0 n fo r S p h e reS : Department of Chemistry, University of Californie, Berkeley, California

(Received December 7, 1938)
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.. And often hidden with lots of parameters

After exhaustive fitting of atomic radii, the model works, sort of

Ala: Neutral

o
Asp: Negative

o

Lys: Positive

4

Free energy ratio

TABLE 2:

Atomic Born Radii Derived from Solvent

Electrostatic Charge Distribution Tested with Free Energy

{Perturbation Methods in an Explicit Solvent*

73
atom radius (A) ' .
Backbone ]
0.4 C 204 carbonyl C, peptide backbone
“**0 152 carbonyl oxygen
223 peptide nitrogen
CA 286 all CA except Gly
0.¢ CA 238 Gly only
’ Hydrogens
H* 0.00 all hydrogens
Side Chains
0.:(CB 267 all residues _
CG* 246 Val, Ile, Arg, Lys, Met, Phe, Thr,
Trp, Gln, Glu
CD* 244 Ile,Leu, Arg, Lys |
0.CD.CG 198  Asp,Glu, Asn, Gln |y ]
*“CB.CG.CD 1.98 Pro only
CE*,CD*,CZ, 2.00 Tyr, Phe rings |
CE*,CD*,CZ*,CH2 1.78 Trp ring only
C CE 210 Met only 1
CZ.CE 2.80 Arg, Lys —
OE*, OD* 142 Glu, Asp, Asn, Gln 1
OG* 1.64 Ser, Thr
OH 1.85 Tyr only
NH* NE,NZ 213 Arg, Lys
NE2,ND2 215 Gln, Asn
NE2,ND1 231 His only
NE1 240 Trp
S* 2.00 Met, Cys

@ Patches N-term and C-term CAT, CAY: 206 A. CY:204 A. OY:
152 A. NT: 223 A. * refers to a wild card character.

Nina, Beglov, Roux ‘97



Atomistic simulations as “computational microscope”

lzo

10

1.Surface potential:
Liquid-vapor interface
potential exists even in
the absence of solute
charge

/L) O

0

61.5A

-10

2.Hydrogen-oxygen 00
size difference:
Protein surface charges

see different “closest

approaches” depending >
L L —40(1
on their sign Iy
u" -400 :." o CIFEP : ig: Zf?r:eq <0
-600 / = ——Clsingle affine || -=-=Claffineq>0 | ]
A ] i“::iﬁ:le affine ‘ O Na FE.P
B B T | Naafineaso |
q=-1 q=0 q=+1

Bardhan, Jungwirth, Makowski ‘12

Cerutti, Baker, McCammon ’07; see also Garde et al., Onufriev et al.



AG PAENE (1 oal/mol)

Dissecting asymmetric solvation

10 Deeply buried charge The nonzero slope at q=0 is the surface potential
0F 1
_10 - -
20 ! o
30l Asymmetry for a deeply
O Symbols: explicit-solvent free- " | buried charge is exclusively
407 B " | o energy perturbation calculations| gV due to the surface potential
—50 : : L IAA
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The basic boundary-integral equation model

Q + 4kt 1Q S
Vip(r) =0 +/” \?" o \\ [l Ae=crr —€r

& - N . a4 ¥ \\- £ €= 5(611 + 61)

\11 l ” A N —

+ ¢ = Ac/€

+ " 0op(r)

Ac(s) s — s o Ac(s) Qi S — Ty
op(8) + n(s) - ~0,(8 )ds = — —1n(s -:E: ‘ T
p(8) Ame(s) ( o ls—¢? (S) Ame(s) (s) e(ry) [s — ril?

k

(Z — éKX) o = eGrq

‘ 1
REAC / /
© :/ o(r')dA
S ||T o 7Q,H

1
REAC 1 —1B
ERE = —2q CA ! d  Tomasi, 1981

Shaw, 1985
Zauhar, 1988



Key modeling step: Think of a Born ion.
Stop taking the boundary condition as a given...

GIVEN

es 1
AG — QQionRiona :>
o(r’)
From MD or center = dA’
GIVEN H Peent / Ar|r — 1|

experiment
Pcenter — Rion(f

From macroscopic
dielectric theory

Note: written here for a
FCoul spherical ion (the boundary
|+ e integral operator simplifies
cu—emr due to symmetry)

+SMBC _




...and ask, if the physically-based radius is the
given, what is the boundary condition?

GIVEN GIVEN

:>AG68 — QIon ion0 <:

From MD or Peenter = 4 ~dA’
experiment 7T|7“ - T |
Pcenter — Rlona

o = g(E°")  More general expression



Why boundary-integral equation modeling?

Atomistic calc’s
BIE for standard Maxwell BC /

€111 — €II 1 © Explicit-solvent MD
(I_l_ € <_§I+K)) o= En 1 6° —Sta%dard PB
1 ' o .\ BHSPB/A
BIE for proposed nonlinear BC 147 & 28 &8
(I N 61116; €11 (—%I—i— K) n h(En)) o=FE, 1.2 ¢ - dpmr - 0vr11
,, on 0
h(E,) =atanh(fE, —v)+p 1]

0.8 %3 m o b

© o
06 0.5 0 0.5 1

Applied electric field

0 0
( L atanh(BE, —v) + M) g _ ( € atanh(BE, —v) + M) .l
€T — EIII €11 — €111 on

Small wonder that the PDE modelers didn’t
come to this on their own!

Bardhan and Knepley, J. Chem. Phys. (2014)




ECOUI / O

Modifying the boundary condition

O Explicit—solvent MD
—Standard PB boundary condition
B Hydration-shell PB boundary condition ||

ey m o B

1

A_pplied electric field

| (ein — Deli(Ep))

Add nonlinear correction

dqbout
dn

Ae = €out — €in

h(E,) = atanh(BE, —v) — atanh(—~)



From more than 50 parameters to just 4!
d The NLBC model has only 4 fitting parameters:

1. o : magnitude of the asymmetry

2. B : width of the asymmetry transition

3. Yy : water’s “intrinsic” orientational preference
4. & : uniform scaling factor applied to all MD radii

O Contrast to standard symmetric models: s me o b tom s,

Perturbation Methods in an Explicit Solvent®

atom radius (A)

Backbone
C 2.04 carbonyl C, peptide backbone
o} 152 carbonyl oxygen
d d 223 peptide nitrogen
d Our 4 parameters were fit against 52 un- @« 2% dchmen Gy
o ° Hydrogens
physically hard test problems covering = o iyt
ide Chains
. . CB 2.67 all residues
CG* 246 Val, Ile, Arg, Lys, Met, Phe, Thr,
asymmetric solvation e Ly M

CD* 244 Ile,Leu, Arg, Lys
CD., CG 198 Asp, Glu, Asn, GIn
CB,CG,CD 198 Pro only
CE*,CD*,CZ, 200 Tyr, Phe rings
CE*,CD*,CZ*, CH2 1.78 Trp ring only
CE 2.10 Met only
CZ.CE 2.80 Arg Lys
OE*, OD* 142 Glu, Asp, Asn, Gln
OG* 1.64 Ser, Thr
OH 185 Tyr only
NH* NE,NZ 213 Arg,Lys
NE2,ND2 2.15 Gln, Asn
NE2,ND1 231 His only
NE1 240 Trp
S* 2.00 Met, Cys

@ Patches N-term and C-term CAT, CAY: 206 A. CY:2.04 A. OY:
1.52 A. NT: 223 A. * refers to a wild card character.

Mobley et al., 2008; Bardhan and Knepley, 2014



NLBC model is accurate for many hard problems

Neutral rod molecules Neutral bracelets
A 0 '
-4 Asymmetry when Charge signs
. o5 _are inverted (kcal/mol) A

A Explicit-solvent MD
= © Symmetric Poisson

i 20 g =+1 BOur new NLBC model|

ap

-100F;

Hydration Free Energy (kcal/mol)

TIRE = . B
¢ =705
Fixed 10} == ‘ - - 1 3es

;;ggs_AA“ A

OO0 0 0 OO

R
A Negative (N °
A Positive (M| #
B Negative (N

O Positive (NI

e ( — T ww ww T T e - 5
Mobley et al., 2008; Bardhan and Knepley, 2014
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A G899 (K cal/mol)

Accurate Energies in Sphere

.
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Charging free energy (kcal/mol)

Accurate lon Energies
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-220

Reminder: NO
detailed atom-by-
atom radius
parameterization!!

- New NLBC, q = -1
- New NLBC, q = +1
- = =Poisson

-=—0Ild NLBC, q = -1
-=—0Id NLBC, q = +1
Na + 1

K+ 1

Rb + 1

Cs*1

Cl+1

Mg + 1

Ca+*1

Ba + 1

Zn +1

Cd =+ 1
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Charging free energy (kcal/mol)

Returning to the pKa problem

-160~

-180

ARG ASP CYS GLU HIS LYS TYR
0 VD FEP g
| P> Poisson, Roux radii |
O NLBC, extrapolated
O NLBC, 4 vertices/A? .
* NLBC, 2 vertices/A?
ARG ASP CYS GLU HIS LYS TYR

Uncharged
states

Charged
states
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Applications of original HSPB

1. Parameterization approaches
2. Test set of 500 small molecules (experiment + MD)

3. Single-atom charging free energies in amino acids



Test set of 500 small molecules

Parameterized asymmetric HSPB using 6 monovalentions and 6
amino-acid side chain analogues

16!
20

Note: Dominant errors are associated with oxygens. Further investigation underway!

Electrostatics Only
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Bardhan et al., in preparation; reference data from Mobley et al.




Single-atom charging free energies

O A more detailed window into the reaction potential operator

Continuum (kcal/mol)

Explicit solvent MD (kcal/mol)

Standard PB: using Roux radii
HSPB: No radii fitted

Explicit solvent MD (kcal/mol)

Phe Asp Arg
: ( ol . . . of , :
0t 50, o
&
] g
-10¢ 4 1 20! -
-101| 7 o0
8 20! ]
o 1 -20 40} ®
-20 + . o I
o -30} ° ] o
L o Standard PB 1 o Standard PB -60! o Standard PB
O Hydration-shell PB O Hydration-shell PB | o Hydration-shell PB
-30 : . ‘ . . . . B, . . . . . . ‘ . : . ‘ .
-30 -20 -10 0 -30 -20 -10 0 -60 -40 -20 0

Explicit solvent MD (kcal/mol)

The standard PB theory obtains correct total
solvation energies through compensating errors!

Bardhan et al., in preparation



More on single-atom charging free energies
O Looking specifically at phenylalanine

10!l

e owe  fo “”s°s=s=s=s=

1) 2

a 8 s
6 o

o Standard PB

A Explicit-solvent FEP
ol o Hydratlon shell PB

10 20
Atom Index

30

Positive charging free energies are
impossible in standard PB
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Bardhan et al., in preparation




Extension: the Mean Spherical Approximation
(MSA) defines a different HSPB

Looking at the MSA expression for Born ion solvation free energy

AGPEBorm Electric flux boundary condition
N, 1/1 1)¢g ddin, _ dPout
Standard - e 3 (; - eout) 7 €in— — = €out ™7
N, 1/1 1 q° dpin dPout
MSA _47'('60 ’ 5 (Gin - Eout) R—|— 55 (ezn - A€h<En)) dn —( €out — AEh( )) dn

Radius perturbation from MSA:
0s = 0s(€out(T),75)

Solvent size parameter, also from MSA: for MSA hydration-shell correction

example, for water ry = 1.42 A

Ae = €out — €in h(En) = 0, |En|

No free parameters

Bardhan et al. Mol. Phys. (in review)



HSPB+MSA=

Poisson-based solvation thermodynamics
O And not just in protic solvents

Water at 298 K,
using Shannon-Prewitt
radii

Why HSPB imp:
Acetoni r'L%S§;ca29§ K,
using Shga&nnon-Pg witt4

Computed AG (kd/mol)
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Temperature-dependent asymmetric HSPB

 Build on success of temp-dependent HSPB+MSA

A Comparison of Fawcett A S and Our A S Values

-20
40+
'60 B -Q
-80 * * .
% * o
g -100 }+ g o o] o
S
c -120 +
0p) o
< -140 * g
-160 +
L o OurAS
% Experiment A S
-ZOOT Usual Theory A S|
1 2 3 4 5 6 7 8 9

lon Index



Outline

 Not all multiscale models are created equal
 Hydration-shell Poisson-Boltzmann model
d HSPB applications and extensions

 Open questions and possible directions



What does the new boundary condition miss?

A Still a single scale theory—no charge oscillations
d Can’t model actual dielectric saturation
O How should the NLBC results be analyzed in terms of

solution thermodynamics?

Solvatlon entr oples (S/k)

O

Cl

10 L00) 410

Charge q (e)
Lynden-Bell et al. 2001

Does the small g region inform the
width of the nonlinear transition
region?
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Other future directions

Obtain HSPB from volumetric models e.g. RISM?
Incorporate into electronic structure methods (PCM)
Adding a nonpolar term (SPT? Hummer’s info. theory?)
Calibrate temperature and pressure dependence capability
Solution specific electrolyte BC

Implicit-solvent molecular dynamics via BEM-based GB
Extensions for more sophisticated nonlinear BC functions



Future directions
Advancing a sustainable modeling framework

- Sneed
nproved Gu. |

GB-like fast nonlocal

h m methods couple
-\l to exactly our Poisson problem
. (“polarizable continuum model”
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A fast, rigorous Generalized Born

-y : New discretization techniques reduce the
Popular heuristic model: Generalized Born d

LEB= ¢;C(I — ()~ By

LgB via interpolation

size of B and C > further speedup

L=Cc{I-UxVT) !B

Speedup (approx)

30
25
20 Nystrom methods offer
15 another order of magnitude
10 (Knepley+Bardhan, 2015)

5

0

4,000 8,000 16,000 32,000 48,000
Number of panels



Multiscale approximation methods

Result: A flexible fast approximation scheme
600 protein test set

0

S 200/
£
5 3 o Upper bouncxl“;wﬁgw
i 3 5 -600] R 4
-1/10 S
8 8 8 = 5 -800f
O o
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1. Hoyv to obtain upper and lower bqunds Aeforones Free Enoray (koalima)
(using the fact that the operator is 0
quasi-Hermitian) Mean absolute error: 4% !

2. That the model is a deformation of the
boundary condition

3. Eigenfunctions are exact in separable
geometries

Bardhan+Knepley, J. Chem. Phys. 2011



Multiscale approximation methods
Result: High accuracy under geometry variations

d Example: sampling protein

conformations from MD
4;(,

Example: neuropeptide
met-enkephalin

O Key feature:
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o Advance scale of simulation
while preserving our ability to

add detail to the forward
model.




Multiscale approximation methods

Details: PDE-regularizer vs. ad hoc models *-Qc %

Comparing actual eigenvectors to approximate ones
SGB/CFA GBMY My approach

Bardhan, 2008; Bardhan et a. 2009, 2011



Massive parallelism for free

Uses existing scalable algorithmic primitives
2 Parallel GPU FMM code | 760 node GPU cluster
. ]
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107 e Picture courtesy T. Hamada
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N
Q Other BIBEE implementations have used

« FFTSVD (Altman and Bardhan et al., 2006, 2009): OpenMP
« Tree codes (Cooper, Barba, et al., in prep.): GPU

PetFMM code of Yokota, Cruz, Barba, Knepley, Hamada



What can be done on a GPU-based workstation?

Lysozyme: ~2K atomes,

~15K boundary elements

1000 lysozyme

molecules: model of “F¥a8

a concentrated
protein solution

ER

Contents lists available at ScienceDire
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Computer Physics Communications

www.elsevier.com/locate/cpc
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Biomolecular electrostatics using a fast multipole BEM on up to 512 GPUs and
a billion unknowns

Rio Yokota?, Jaydeep P. BardhanP, Matthew G. Knepley€, L.A. Barba®*, Tsuyoshi Hamada ¢

=

O Applications in colloid and interface science, phase
behavior in crowded solutions

Yokota, Bardhan, et al. 2009



Boundary integrals: Now more than ever

Experiments
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A totally insane idea:

Piecewise-linear response

1 Charging Na between -2 and +2 Additional NLBC at
50 Stern layer

/\\\Covered by asymmetric HSPB
40+ -

potential

Derivative of energy =
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Bardhan+Jungwirth, unpublished



