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Overview

® Sessions:

Sep 30: Lecture, “Implicit solvent models”
Oct 2: Lecture, “Implicit solvent models”
Oct 3: Lab, APBS & PDB2PQR tutorials

Oct 7: Continued lab, project brainstorming and
formation of groups

Oct 9: Project development
Oct 10: Project presentation and report

* Your grade:

Class participation
Project presentation and report




Electrostatics and solvation in
biomolecular systems

Biomolecular electrostatics: proteins
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Biomolecular electrostatics: other molecules

# cDiNA
®  Anpeon, lenear fonm
®  Close phosphabe spacing
= lepridld

& HEMNA
®  Structural diversily
®  [ense phosphale

SRATITE
® Sugars
® Lipids
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How solvent interacts with biomolecules

®* Water properties

* Dipolar solvent (1.8 D)
* Hydrogen bend donor

and acceptor
* Peolarizable

® Functional behavior:

* Bulk polarization - =
* Site binding or specific ;
solvation 1
* Preferential hydration T
* Acidbase chemistry Radin o et bl s
DItk mirade e PRI TR T
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How ions interact with biomolecules

* MNon-specific screening
effects

*  [Depends only on ionic
strength (not species)
s Results of damped

electrostatic potential o .
: = ' |
= Described by Debpe-Hibckel . .
or Poiszon-Boltzmann S T
thenries hor low ionic
strengths -
* Functional behavior: g . S—— ;
*  Described throughout E
4 < iyl of AL HE = 0 = oand 130 M Mol
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How ions interact with biomolecules

* Site-specific binding
*  Jon-speciic
*  Site pesmetry. electrosialics, coordination, elc. enables favorable Bnding
®  Functional behavior: co-faciors, allosteric activadion, folding, elc.
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How ions interact with biomolecules

*  Hofmeister effects (preferential hydration), ca

14848

®  Hony muich salt is reguired 1o precipitabe a prodeind
it depends on Hhe sl ..

®  Familioning of ons betesen waler and norspeciic
sitess o biomolecule

= [ependent on on e Golvation enegy, eic)

®  Dominabe a high salt conoentrations

®  Fuactional behavios peocein stabilitg memBiane Pl | el
stiuctune and surface polentials, protedn-
prolein inleracions
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Electrostatics and solvation in
biomolecular simulation




Binding energies
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Potentials of mean force
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Other applications

* Kinetics
* Forces for molecular and Brownian dynamics
* Minimization and structure refinement

* |nvestigation importance of “molecular detail” in
solvation and ion interactions

Computational methods for
biomolecular electrostatics and
solvation




Modelin g biomolecule-solvent interactions

A * Solvent models *  lom models
. uanhum . uantunm
tu L
= Explicit = Explicit
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Explicit solvent simulations

Sample the configuration space of
the spstem: bons. atomicalby-detailed
water, solute

Sample with respect 1o a particular
ensemble: NpT, MYT, MVE, eic.

Mobecular dynamics or Monte Carlo

Advantages:

*  High leveds ol deail

# Agddinonal Iﬁlllgreﬁ-_ﬂ. o b riaclily
ineluried

*  All interactions ane explicit

Disadvaniages
= Slow and wncertain comvergenoe
¢ Houndary efieds

v oo scaling

#  Soene eliects sl sl corsidensd in may
force felcks,,, i




Implicit solvent models

® Solute typically only accounts
for 5-10% of atoms in explicit
solvent simulation...

& __sp treat solvent effects
implicitly:
* Solvent as polarization density
* |ons as “mobile” charge density

® Linear and local solvent
response

* “Mean field” ion behavior

* Uncertain treatment of “apolar”
effects

Implicit solvent issues

* Where is the molecular detail of solvent and ions
important?

* Where does nonlinear solventfion response matter?

* What is the correct description of nonpolar
solvation?

* What is the correct interface between implicit/
explicit solvent methods?




Solvation free energies (and mean forces)

*= “Pptentials of mean force” [PMF) and
solvation free energies

*  Function of conformation
* |ntegration over explicit degrees of
freedom yields free energy
*  Clobal information
*  Mean forces
* Derivatives of PMFs for atom positions
* |ntegration yields PMFs
®  [ocal information

il

Polar solvation (implicit)

® Charging free energies
* Solvent: dielectric
effects through Poisson AR
equation

® |ons: mean-field

|
screening effects
through Poisson-
Boltzmann equation i




Electrostatics in a homogeneous dielectric

* An isotropic dielectric
continuum exhibits the
same response in all

directions i 142
* The dielectric tensor can  dre 0ET
be reduced to a scalar qigs T
® For a homogeneous F = e £ |
isotropic dielectric, dmeqer r

electrostatic energies are
still governed by
Coulomb's law (with a

dielectric coefficient) Sttty
Dielectric constant

Dielectric constants

. : 131
o Several contributions o

polarizability
* Electronic polarizability n
¢ Intramclecular rearrangement a8

s Rearentation of permanent dipole
momert

* Hydrogen bonding netwarks

76
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Molecular dielectric coefficients

A heterogenecus molecule like a

biomolecule shouldn't really be

represented by a continweum
dielectric...

...owever, that doesn't keep people

from trying
Multiple dielectric values:
® ] = Nacuum

* 2.4 = asnmic polanizability (solid)
® 4.0 = some libeabion, minar sidechain

TerrangEment

= IG= &-gnrﬂcam imernal reanangement

Multiple surface definitions:
®  wan oer Waals
®  Splines

® Mlesular surisone

Gauss’ law, Gauss’ theorem, and Poisson equation

* (Causs’ law: the integral

of the displacement over
a surface eguals the
enclosed charge (general
conservation relation}

Causs’ theorem: the
integral of a flux over a
closed surface equals
the enclosed divergence
Poisson’s equation:
divergence of the
displacement equals the
charge density
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Poisson equation: structural elements

® Charge distribution & boundary conditions: solute
atom positions and charges

* Dielectric function: solute atom radii, positions; solvent
radius; polarizabilities

* Assumptions: linear and local response; no mobile ions

—-V - e(x)Vo(x) p(x) forx e
¢(x) = oo(x) for x € IN

Poisson equation: energies

* Total energies obtained from:

® Integral of polarization energy

* Sum of charge-potential interactions

{'T[nf:] - — [{p (x)p(x) — Q Tr::-ﬂ ]E}rfx
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The Born ion

* What is the energy of
transferring a non-
polarizable ion from
between two dielectrics?

* (Consider as a “charging
process”

* Free encrgy for charging a
sphere in solvent and
vacuum

* No polar energy for
transferring the uncharged
sphere o solvent
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Born ion: solvation energies

® Another route:

* |nlegrate polarization for dielectric media

*  Agsume ion is non-palarizable
= Subtract energies between media
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A continuum description of ion

* Two nonpolarizable ions
® Sclve for polar energy as a function of separation
* Poison equation

* |ncrease in energy as water is "squeezed” out
* Desolvation effect
* Smaller volume of polarized water

® |Important points
* MNon-superpesition of ion potentials
® Reaction field causes repulsion at short distances
* Dielectric medium “focuses” field

A continuum description of ion desolvation
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Poisson-Boltzmann

* Simplifies to Debye-Hiickel theory
* Continuum dielectric {Poisson equation)
* Non-correlated implicit ions (mean field theory)
® Limitations:
* Low ion concentration
* Low icn valency

* Mo specific interactions: jon-selute, ion-ion, ion-sclvent,
solute-solvent, ...

Poisson-Boltzmann derivation: Step 1

* Start with Poisson equation to describe solvation
and electrostatics

* Supplement biomolecular charge distribution with
maobile ion term

-V E(I) ?E;'J(I) = pPr {x) + Pm(X)




Poisson-Boltzmann equation: Step 2

# Choose mobile ion distribution form
* Boltzmann distribution implies no ion-ion cormelation
* Apparent lack of normalization implies grand canonical
ensemble
* Mo detailed structure for ion desoleation

® Result: nonlinear partial differential equation
* Don't forget boundary conditions!

~V - &(x)Vo(x) = ps(x) + ) gmeme ™ im0 HVm 0]

FFl

Equation coefficients: “fixed” charge distribution

~V - e(x)V(x) = pplx) + Zi,rmr,.,a-""‘-'Hﬂ““*'-'--ml

® Charges are modeled as
delta functions: hard to
represent

* Often discretized as
splines to *smooth” the
prablem

* Higher-order charge
distributions also
possible




Equation coefficients: mobile ion distribution

~V - e(x)Va(x) = pr(x) + qucme-ﬂh..m:w_{:u

* Usually assume a single
exclusion function for
all ions

* CGenerally based on
inflated van der Waals
radii

Equation coefficients: dielectric function

v E[I}vi:}[x} = Pf{x] + Ele'."nr{'_'i:q"'m!”"'.""':I:'I

® Describes change in local

polarizability
®  Low dielectric interiar
{2-201

* High dielectric exterior (80
® Many definitions

= Molecular

# Lnlvent-accessible

* van der Waals

* Smoothed (Gaussian, spline)

®  Results can be very sensitive
1o surface definition! -




PB special cases: symmetric electrolyte

® Assume similar steric interactions for each species with
solute
* Simplify two-term exponential series to hyperbolic sine

pmix) = qgg_‘ﬂ?"-’{“}"'v':’f-” _qm—ﬂl—qﬂ{xj+1*'{x}]

—  geeBV(X) [~ Bas(x) _E.’_fq'::-[x}]

= —2gce PV{*) ginh [Bge(x)]
= —&*(x)sinh [Fgp(x)]

=% f{xj$¢}+ﬁf[x]ﬁiuh |Bgo(x)] = prix)

PB special cases: linearization

Assurne similar steric interactions for each species with sclute
Aszsume very small local electrostatic energles

Taylor series expansion of exponential

Bulk solution electroneutrality

Phu[ul - Zq'ur'n.f' A 2] Vo (2]

. %] Z fan Erra | .:iq_...c‘l{H]]

m
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R x)o(x)

-V - €(x)Vo + R (x)d(x) = pys(x)

an




Poisson-Boltzmann energies

® Similar to Poisson equation
Functional: integral of solution over domain
Solution extremizes energy

Basis for calculating forces: charge-field, dielectric boundary,
QsMOtic pressune
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Poisson-Boltzmann equation

V- e(x)V6(x) = py(x) + 3 qmeme ™ Mamdtx)t Sl
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Polar solvation (implicit)

® Charging free energies
* Solvent: dielectric
effects through Poisson STl
equation

® |ons: mean-field

|
screening effects
through Poisson-
Boltzmann equation e

Nonpolar solvation (implicit)

* |t's mot just surface areal

# WCA formalism:
»  Cavity creation
» Small length scales: il
propartional to volume
{pressure) and area (surface I I

tensian)

* Large length scales:
propartional to area (surface
tension] T
= Dispersive interactions . .
¢ Modeled by WA formalism

* Integral of potential over  Adapeed from: Levy BM, Zhang LY, Galicehia

L E. Foka A J003, | Am Chem 52 125 [31):
solvent-accessihle valume =

i




Nonpolar solvation: implementation

a8

Wirlx) = [yAlxie) +pV(x: a:l+f f sl 0 UL (x, o ey
a0 &4 v i
F'"x) = 4 ;:J:' - p ',;E:.u] I_er;[:..:,.- a) ilrﬂ’J

VWagoreer A Baner PR Fac Norl Aoad Sl LA, 10, BIR1-6, 2006
-]

Putting it all back together

Adapred from: Levy BM, Zhang LY Galicchio E, Felos AK. 2003, | Am Obees Soc 125
{31): 9513-9530,
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Applications of continuum

electrostatics

Electrostatics software

Software package  Description Awailabilicy
APBS FO & FE MG by Free, open source
DelPhi FD G5 ,mmﬁ;um $250 academic
MEAD FD 3R bip o Free, open source
UHBD FO 5CR, ey = $300 acadermic
Jaguar FE MG,50R, CG| wsiutrdmgeco Commercial
CHARMM FD MG butaipurt birvd o $600 academic
AMBER FC [P e S400 acadarmic




Electrostatics software

= APBS (hetpofaphs.sf. et
* PG plecinaskaticos caboulations
®  Fast fimite ebement (FEIK) and b iprig
FRAGI salvers froem Haolst growp
* Wih-hased imerace [Gemsaeoe,
Baldridge group & NBCR]
= Works with most poplar sisualization
softaans (WAL PAYY. Byl
®  Links witn DHARAM, ARMBER, TINKER
=  POAZPOR htpipdhl presh.oet’)
*  Prepares POBE files for other
cakoulations
*  Assigns titration stales (PROPKA] and
aptimizes frpdrogen pasitions

= “HppaarsT MERING, hawy anci s

= Wirh-Rased and commargd-line

Preparing for an electrostatics calculation

* PDB2POR (hitp//
pdb2pgr.sf.net B = g =

* Parameter assignment 2 T |
* Heavy atom “repair” N - -
* Hydrogen bond [ | et e
optimization [ |
® Titration state i
calculation [ e v ron
(PROPKA] apas | ——yr—
* Hydrogen addition e -

®* Also available as
standalone tool




Visualization and analysis of electrostatic
potentials

Electrostatic potential comparisons
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Non-specific screening effects

mAChE at 0 mM MNaCl mACHE at |50 mM MNaCl

Inspection of ligand binding sites

® Balanol protein kinase A
binding (Wong CF, et al. |
Med Chem 44, 1530-9
(2001)

® NikR Niill) and DNA
binding




Quantitative comparison of electrostatic potentials

* Do electrostatic potentials
tell us anything about -
hiomolecular function? ;

o Lligand bBinding

® Active siles o shifted phas?
»  Spuciural (delstabilizaton®

M dorvain companipes davdar fold, drmebie
& Ok, CTRErens ddipanne . Blombang L e s
Frmtewm 37, IFRETT [1595).

i? i l
e = Puracies Mg™ snd RMA
&

Birding Somasita = an

& 4
3 :"i "-!"A' "'5 umghnifies e, Bzoch
o E$ . WL ) Wl Pl 313, BER-96
[wei =l b
SO0 comzarnon. Lenay OR, 22 6l i i
Recratesiry 43, MEL71 (3007} % ﬁ
F-]

Multiresolution contour trees
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Thermodynamics

Free energy cycles

® Al the heart of most
calculations... A

s . because we cant : B
_—
G

S ——

usually directly calculate
the quantity of interest

* Mozt important principle: a e —
* Energy is a state function

* Integral of energy changes
over a closed cycle is zero

AGa.p+ACGgc +ACGecp+ACGp_.A=0




Solvation free energy cycle

Al = ACuars = Al viwe — Ay + AC guy + Al ey =D
Blran = Sliaier s — Slrgse v + Alivdw s — Bl v + Sleny

o

Solvation energies

. Abmlumenerl-g:;jre —aVid(x) = p(x)
enerally nol ul:

Fna::curafm -V e Vomi(x) = plx)

* Solvation: an excellent

AtvG = G o] = G lon]
way to remove “self " ] = Gl

o= ,
energies” = g 2 [enix) - anix]
* Building block for most
electrostatics calculations o) = tgoly

* “Total energies” can be
recovered by adding in
vacuurm polar and
nonpolar contributions

€|¥) = £mal




Absolute binding free energy cycle
&€ — €
‘c AN

AGL+ AGy — AGyg — AGy =10
AGs = AGL + AGs; — AGy

Binding energies

& Separate calculation into
two steps:
= Calculate electrostatic
interaction for
homogeneous dielectric
Coulomb's law)

* (alculate solvation energy
change upon binding
® Self-interactions are
removed in solvation Al AGH + (Al = AGY)
energy calculation . i*...c.h-{';; AsG
® Absolute binding energies
are tricky...




Polar binding energy (PMF): two ions

® Water dielectric
* Two ions: 3 A radii,

non-polarizable,
opposite charges
* Basic calculation:

* Calculate solvation
energies of isolated jons
* Calculate solvalion TR
energy of “complex”
* Subtract solvation
CAergics
* Add vacuum Coulomb’s
law

osd
Qe

] .l'.r
.‘+
§
l ““.

. ‘.I
]} I
r '
[

Polar binding energy: how-to

® Method 21 {allows for conformational change)

* Calculate solvation energies for complex and isolated
components.  Use focusing as needed.

# Subtract to calculate solvation energy change upon binding.

* Calculate Coulombic energies for complex and isolated
components wsing same infernal dielectric constant! Subtract
to caleulate Coulombic energy change upon binding.

* Add solvation and Coulombic energy changes.

* Method #2 (fast but dangerous!)

* Calculate absolute energies for complex and isolated
companents. Using focusing as needed.  Use the same grid,
dielectric, efc, parameters for all caloulations! !

* Subtract.

Fr




Relative binding free energy cycle

* Usually better accuracy

* (Cancellation of :
numerical errors t i "

* (Cancellation of hard- “ ‘z
to-gquantify terms

® Useful for predicting e 3 t

mutations, changes in
functional groups, etc.

i‘n{r‘] -+ ﬂf;g - ﬁ.fr‘;t — ﬁf;.[ )
AAG = Ay — Ay = Ay — A5

L]

Binding energy example

®  Pratein kinase A inhibition by
balanol

* Wong CF, etal. | Med Chemn
44, 1530-92001)

* Continuum electrostatics
analysis of protein mutations
and fumctional group changes
on binding affinity




Application to ribosomes

& Bitcapme moniral fo proteie synthesis
e hineny

] Target for severa! pharmacmdicals

L] LT ||_-.-\,|-.r\.'!|_l.- comprrabion oo
compulaticnally challenging

¢ Ciomiposiad o T subuns {lange
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Ribosome-antibiotic binding

= Determine binding energies
bretween 305 ribesormal sulanit and

aminoglyooside antibiolics -
* oo agressnent for exparimental i L
and oomputational relative Binding | .
iree energies: 078 + 0,13 shope H 7 v
with small modecules, 0,93 = 0L19
slope withow! i
* Sugpests impoctance of besic groaps - i
o Bing IV
g o s T g e
et | ';-".. apr | BE
I i YTy
] o
& Do oy o=
- _,_:-_.-._'-',_-’.:1. -
LY E

Baber S e wl Proe Maddess' G US4 SR Il:l:!?-l'qj}l:ll.h et al Jllm Chen See, 134, (436040 3030




Application to microtubules

® Impotant cyloskeletal
COMmponeis: siruclune, lranspor,
moti iy, divisson

»  Typically 250-300 A in diameses
and up o millimetens in length

»  Compulationally difficult doe bo
stze (1,500 atoms A } and charge
-4.5e A

*  Solved LPBE &1 150 mM ionic
strengih on BH& processons for BOD
A-long, 1.2-millson-atom
microlubule

s Resolution to 0.54 A for larpest
calculation: guantiiative accuracy

Buier Rk, en ol P, Sor! Ao Soi CUSA, S, D07 41, 3000 S Tt al
Protees S, 12 125721, D33,

&

Microtubule stability and assembly

o Collaboration with Andy W amman
CLECSDY and Dlave Sepd (Wash LI BMED

v Pedormied senies of caloulators an cubalin
dirmeers and peosalilament pairs

v [Poisson-Sohzrmann of penostatics and )
ZASA apolar encigis o ;

»  Oneersed 7 kcalmal sronger interactions Ny !
beperen prosalilaenenis than within - ¥ |

& Dsper minesd erengetics for belix propedies; . 1
prislict corscl minimgm o
caperimentally-cheenyed A (52 A and 8
i8-8 ) latthens

- WSl

S ._H:_ e s

(¥ i —

i
e

Sauer Mo et al, Froo Notl Azad So USe, 08, (ERIT-40, 200,
Drodiraig TL #n ol Moo Acikde Aee, 12WERS-T, 1004,
n
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p K-ﬂ ': ElI CLI Iati D HS Amino sod | carboaplic | O-amino | Sidae chan

5 N . s AT 115 a7
& Want acid dissociation -

5 p FE. T T vl
mn?tant for residues i a e = =
particular structural context gaicacd | 1M Tz 11

# Le “model” pk.s for aming Tyt £ i L
u AT kel | 47 L7
acids
[ ik £ b ]
* (alculate *intrinsic” pK, from —itra 117 . e
two calculations: _— 1n [N
*  Binding of unprotonated residue e = s
P ! s T 1] 133
*  Binding of prolonated residus S = s
®*  (Calculate titration state and r— T T
actual from sampling of Preirk 104 i
ECIUPIE‘d pl':.;E ] I3 LA
X b i i - T pd LR
= Conformational distributions | B =
can matier Tyciiited 1M Rl el
- b IH 2

pK, calculations




Conformational change&: two conformations

® Same idea as binding
free energies

* (Calculate polar energy
change due to
conformational change in
homogeneous dielectric
[Coulomb’s law)

* Calculate polar solvation

energy change due to
conformation change in
inhomogeneous dielectric

& Subtract.

Ti

Conformational change: multiple conformations

* MM/PBSA: include contribution from multiple conformations to
energy
* Typically used for binding energy
e Accounts for conformational distribution effects an
8  Iptra- and internodecular gy [rmechanics)
®  Sobation (Poisson-Boltemann and apolar)
®  Entropy bguasi-harmonicl
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MM-PBSA: computational alanine scanning

Examine the interface of oncoprotein

A2 with M-terminus of tumor
suppressor pad

Apply MM-PBSA methods with normal

mde enropies
Surprisimgly pood results!

stassova |, Kollman PA. A Chem Soc X
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121, 813343 (1999).
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MM-PBSA: RNA-ligand interactions

Caloulate hinding free energy of

thigphydEne (e RMA 3 3-mer

Use normal maode entropy cakoulation

Compare with themodynamic
niegraticn
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Summary

» Continuum electrostatics:
* Linear and local response
* Mean field ion behavior

* Numerical methods

* Applications
* Thermodynamics

* Binding affinities

* Solvalion energics
* Kinelics

* Forces

* Rale constants

* Dynamics

What's next

* Oct 3 tutorials and laptop setup (if desired)

* Oct7: project discussion — concepts ready?
®* Oct9: project implementation and small group

discussion

* Oct 14: project in-class presentations

* Oct21: reports due!




Project guidelines

Can be a concept (not so good) or an implementation
(much better)

Should use the methods discussed in class to address
a specific biological problem

Examples: informatics by electrostatics; pKs
prediction; drug binding

Innovation is better than detailed feasibility!

Work in groups of 3-4

Deliverables:

* Concept (Oct 7)

* Presentation (Oct 14)

* Report (Oct 21)

Project report format

Introduction
® What is the guestionhypothesis?
* Wy did you choose these methods?
* What do you expect to find?
Methods
= What did yvou do? Be reasonably detailed.
Results
& What did yvou learn?
» Show data: figures, graphs, tables, etc.
Discussion
*  Did it work?
* W or wiv not?
* What else could you have done?
-]




