Chapter 1

An introduction to continuum
electrostatics

For both major subjectsof this work, folding and titration, continuumelectrostaticds of crucial
importance.Therefore] will givein this chaptera basicintroductionto the conceptsandmethodsof
continuumelectrostaticshatwereappliedhere.
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Figurel.1l: A moleculein a heterogenoudielectricmedium.

Figurel.1shavs alarge moleculein anionic solution. In the electrostaticcontinuumapproach,
the solventis not representethy explicit solvent moleculesput implicitly by a mediumwith a high
dielectricconstant. Theinteriorof themolecule separatefrom thesolventby thesolventaccessible
surface,is assigneda low dielectric constant. At a first glance,one shouldexpectthis constantto
be unity (asin vacuum)sincethe atomsof the moleculeareall represente@xplicitly in this model.
However, electronicandnuclearmolarizationeffectsnotconsidereaxplicitly by themodelmaycause
a higherdielectricconstanto be moreappropriate The valueusedfor the dielectricconstantwithin
the moleculeis subjectof intensediscussion(Warshel& Russel,1984; Warshel& Aqvist, 1991;
Honig & Nicholls, 1995;Warshelet al., 1997;Rabensteiret al., 1998a;Ullmann& Knapp,1999).
| will provide more detailsof this discussionin connectionwith the applicationsdescribedn the
following chaptergseeespeciallysection3.2.3.5).
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2 CHAPTERI1. AN INTRODUCTION TO CONTINUUM ELECTROSTATICS

1.1 ThePoisson-Boltzmann equation

1.1.1 Derivation

To describethe electrostatidnteractionof the molecularsystemdepictedin Figure 1.1 mathemati-
cally, the Poisson-Boltzmanequationis used.It is derived from the Coulombpotential:

o 0]
oF) = Z T (1.1)

wherethe sumrunsover all point chagesq; at the positionf;. € is the dielectric constant. The
Coulombpotentialcanalsobeformulatedfor the chage densityp insteadof pointchages:

p(")dr’
e[r—r|
\%

QF) = (1.2)

Applying the Laplaceoperatoito bothsidesof this equatiorresultsaftera few transformationgn the
Poissorequation:

AQ(F) = —4n@ (1.3)

If €is notconstanbut depend®nthe positiont, the Poissorequationadoptsthefollowing form:

0 [e(F)0e(T)] = —4mp(F) (1.4)

To describehe effect of theionsin the solvent,the Debye-Hickel theoryis neededwhich | will not
describein detailhere. The mobileionsin the solutionarrangethemselesBoltzmanndistributedin
the electricfield similar to gasatomsin a gravitation potential. The resultingchage densitypion(T)
of theionsis addedto the chage densityp(T) withoutions:

Pion(7) = 3 cs(7)gsePHA) (1.5)

The sumrunsover all kind of ionss. ¢ is the original concentratiorof ion s, gs is the chage of
ion's. B equals(kgT)~L. Adding of theionic chage densityto the Poissonequationleadsto the
Poisson-Boltzmanequation(PBE):

0 [£(7)0(F)] + 4TS, cs(F)oe P40 = —amp(F) (1.6)
S
TheDebye-Hickel theoryrequiresoverall electroneutrality:

S os(F)ds =0 (L.7)

In thespecialcaseof only monovalentions,the Poisson-Boltzmanaquationcanthereforebewritten
elegantlywith sinh(sinh(x) is definedas(e* — e ¥)):

0- [6(F) D(F)] — 8ries(F) sinh{Beg()] = —4mp(r) (1.8)

whereeis theunit elementarchage.
To simplify thenumericalsolution,the Poisson-Boltzmanaquationcanbelinearizedoy expand-
ing theexponentials:

3 cs(Pase PR & § es(F)as— B S cs(M) M) (1.9)

S S S
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5 sCs(7)0s is zerodueto electroneutrality 5 s¢s(7)q2 is twice the ionic strengthl (7) = 2 5 scs(7) 2.
Togethemith eql.6,thisresultsin thelinearizedPBE:

- [£(7)D(P)] — 811 (7)o(7) = —4mp(F) (1.10)

For a more detaileddescriptionof the deviation of the PBE andthe Debye-Hickel theory see
chapterl5-1(pp 328—-340)f McQuarrie(1976)or chapterl8 (pp 321-339)of Hill (1986).

1.1.2 Numerical solution

Analytical solutionsof the PBE exist only for simplegeometriegKirkwood, 1934; Tanford& Kirk-

wood, 1957; Daune,1997). For comple geometriessolutionscanbe obtainedby numericalmeth-
ods.Mostoften,thePBEis solvedby finite differencemethodgWarwicker & Watson,1982;Nicholls
& Honig, 1991; Honig & Nicholls, 1995). A finite differencemethodis alsoappliedin this work.

However, therearealsomoreelegantnumericalmethodssuchasboundaryelementmethodg(Skle-
naret al., 1990; Zauhar& Varnek,1996)or multigrid-basedmethods(Holst et al., 1994; Holst
& Saied,1995)to solve the PBE. The reasorfor neverthelesgreferringa finite-differencemethod
hereis merelythe practicalavailability of a suitablesuite of programgBashford& Gerwert,1992;
Bashford,1997)thathasbeenthoroughlytestedandprovento yield reliableresultsin numerousap-
plications.Sofar, therehave beenonly afew applicationsof boundaryelemenimethoddo calculate
protonationbehaior of proteins(Ripoll et al., 1996;Juffer et al., 1997;Vila et al., 1998).

1.1.2.1 Finitedifference method

To applythefinite differencemethod all relevantphysicalquantities(chage g, dielectricconstant,
ionic strengthl, electrostatigotentialg) aremappedon a cubicgrid with grid constant (Fig. 1.2).
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Figurel.2: Partof thegrid usedto solve the PBE.
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ThelinearizedPBE (eq1.10)is integratedover thevolumeV of onecubicgrid element:
/ 0. [(7) Do(7)]dF — / 81l (F) () dF — / _4p(T)dP (1.11)
\% \% \%

While the secondandthird integralsareeasilyresohable,thefirst oneis moredifficult. In afirst step,
it is transformednto a surfaceintegral usingGauf3’'theorem:

/ £(F)Og(F)dA — 81Blogol® = —41m (1.12)
A
Thesurfaceintegral is now calculatedseparatelyor all six sidesof the cubicgrid element.In doing
so0, the gradientof the electrostaticpotential (¢ is substitutedby its finite differenceform in the
respectie direction:
S &i(@—@)l?
o T

| — 8mBlogl® = —4mmy (1.13)

Eq.1.13is simplifiedandrearrangedo yield afinite differenceexpressiorfor ¢:

(3 60)+ 2
- (1.14)
(_lei) + 8T[[.7>|()|2

Startingfrom arbitraryvalues,the electrostatiqotentialis iteratively calculatedfor eachgrid point
accordingo egl.14until acorvergencecriterionis met. For thedetailsof this procedureseeNicholls
andHonig (1991)andchapterl7.3(pp 762—768)of Presset al. (1992).

1.1.2.2 Focusing

Thereis a problemat the bordersof the grid, sincethe grid pointsat the borderhave lessthan six
neighborpoints. If the grid is much larger than the molecule,so that the bordergrid points are
far away from the chagesin the molecule,@ outsideof the grid canbe setto zero (or betterto a
valueaccordingto the Debye-Hickel sum(Klapperet al., 1986)). Dueto computedimitations,the
resolutionof alarge grid hasto be poor To enhanceesolution,additionalcalculationswith asmaller
high-resolutiongrid canbe performed(Klapperet al., 1986). This grid is centeredn the region of
interest.Onits boundariestheelectrostatipotentialis setto avalueinterpolatedrom thecalculation
with thelargergrid. Suchafocusingstepcanberepeatedf necessary

1.1.2.3 Grid artifact

An electrostatienegy Gg canbe calculatedrom the electrostatigotentialg:

1

The sumrunsover all atomsi. @ is the atomicpartial chage of atomi and @ the electrostatic
potentialatthe positionof atomi.

Theelectrostatienepgy of aclassicalpointchagein its own electrostatipotential the so-called
self enepy, is infinite large. Thesesingularitiesareavoidedif the PBE is solved on a grid, sincea
point chage is smearedver the cubicgrid elementwhereit is localized. However, arbitraryvalues,
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dependingnly onthegrid resolutionandposition,remainfrom the infinite self enegy of the singu-
larities. This grid artifactis calledgrid enegy. Therearesereral possibilitiesto getrid of the grid
enegy. Theeasiesbneis notto try to calculateabsoluteslectrostatie@negiesbut enegy differences
betweersystemavherethegrid enegy is equal,sothatthegrid enegy vanishesn thedifference.ln
chapter3, this methodhasbeenapplied,andit will bediscussedherein moredetail.

Anotherapproachs to useasingularityfreechagedistribution orto useGreenstheorem(Beroza
& Fredkin,1996). The boundaryelementimethodsreportedearlierdo not needa grid andtherefore
arenot afflicted with thegrid artifactat all.

1.2 TheAnalytical Continuum Solvent (ACYS)

If Poisson-Boltzmanelectrostaticss usedfor moleculardynamicgMD) or Monte Carlo(MC) sim-
ulation of large molecules even the fastestmethodsto solve the PBE (Hoffmannet al., 1998)are
too slow for solvingproblemdik e long-termproteindynamicsor evenproteinfolding. To overcome
this problem,SchaefeandKarplus(1996)developedthe so-calledanalyticalcontinuumelectrostat-
ics (ACE) potential,which approximateghe potentialgiven by solving the Poissonequation,but
needsmuchlesscomputationakffort. Similar to otheranalyticalcontinuumelectrostaticsnethods
(Sklenaret al., 1990; Still et al., 1990; Schaefe& Froemmel,1990; Gilson & Honig, 1991),the
self-enegy partof ACE is basedon the integratedfield conceptwhosebasicideadatesbackto the
work of Born (1920). ACE combinesthe self-enegy potentialwith the generalizedorn equation
for chage—chage interaction(Klopman,1967; Constanciel& Contreras1984; Still et al., 1990).
By addinga non-polarfree enegy of solvationterm, ACE is extendedto the analyticalcontinuum
solvent(ACS)(Schaefeet al., 1998).

Thefollowing is anintroductioninto the basicsof ACE/ACS accordingto SchaefeandKarplus
(1996).Applicationsof ACSwill bedescribedn thelastpartof chapter2.

1.2.1 Integral formulation of the electrostatic energy

The starting point of the ACE approachis the descriptionof the electrostaticenegy Gg in terms
of the enegy densityu(T) ratherthan of the electrostaticpotentialas the solution of the Poisson
equation.Theenegy densityu(T) of anelectrostatidield generatedby a chage distribution p(F) can
beexpressedn termsof the electricdisplacementector

D(F) = ¢(F)E(F) (1.16)
asfollows:
u(F) = Wl(?)f)z(r) (1.17)

By integratingthe enegy densityover the full spacethe electrostatienegy Gg is obtained(Born,
1920):

Ge = [ u(rar = Sin / ?1?,)52@)(1? (1.18)
\Y \Y

Thisexpressiorcanbederivedfrom thewell knovn expressiorfor theelectrostatienegy of achage
distribution p(r) in the electrostatigotentialg(r):

Ge = % [omomar (1.19)
\Y
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Thediscreteform of eql.19wasalreadyintroducedaseq1.15. Accordingto the Poissonequation
1.4,thechagedensityp(r) in eq1.19is substitutedy —%TD - [e(P)D@(T)]:

Ge — —% / O(7) 0 - [e(F) Dg(F) 7 (1.20)
\%
Integrationby partsleadsto
Ge = — o [ONeMTON, + o / £(r) Dp(n) g(r)ar (L.21)

The first term vanishesdue to the vanishingelectrostaticpotential (F) at the (infinite far away)
boundariesof the volumeV. With E(F) = —Og(F) andwith eq 1.16, the following expressionis
obtained:

Ge = %/s(?’)ﬁ(?’)ﬁ(?’)df’: %/ %D(r)ﬁ(r)dr (1.22)
v v
This matchegheexpressionin eq1.18.
Correspondingdo the situationdescribedefore(Figure 1.1), | split now the integral expression
of theelectrostatie@negy (eq1.18)in two parts,oneis theintegral over the volumeof thesolute(i. e.
theprotein)V,, with thelow dielectricconstant,, theotheris theintegral overtheremainingvolume

of the solventVs with the high dielectricconstants.

1 = 1 "
Ge = B2()dr —/Dzrdr 1.23
== g | O+ g [B°0) (1.23)
Vs Vp
Theso-calledreducedlielectricconstantAe is definedby thefollowing expression:

1 1 1
——_-—_= 1.24
Ne gy & (1.24)

Sinceg,, < &, the reduceddielectric constantAe is always positive. Using the reduceddielectric
constantAe, eql.23canberewritten extendingthefirst integral over the full spacev:

1
37588

Ge =

< 1 [
V/D (7)dF + mV/D (7)d? (1.25)

This expressionis still exact. An approximationis introducedby assuminghat the first term cor-
respondgo the situationin a homogenouslielectric medium,wherethe dielectric displacements
describedby the simple Coulombfield. This assumptioris not exact sincethe dielectricdisplace-
mentD in both integrals mustsatisfy the boundaryconditionson the electricfield at the interface
betweensoluteand solvent, i. e. the tangentialcomponentf the electric field E = I3/s andthe
normalcomponenbf the dielectricdisplacemenb do not changewhenpassinghroughthe solute—
solventboundary This meanghatthe field lines are somevhat distortedat the dielectricboundary
This distortionis notrepresenteéh the Coulombfield in a homogenouslielectricmedium.Therel-
ative errorintroducedby the approximationis, however, not largerthana few percent(Schaefei&
Froemmel 1990). Sucha simplifying approximatioris not possiblefor the secondntegral, whichis
muchmoredifficult to evaluate.

Given the situationof discreteatomsthat bearpoint chagesas atomic partial chages, the in-
teractiontermsof atomswith themseles Gise'f canbe distinguishedrom interactiontermsbetween
differentatomsG}":
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i 1>

Ge = Z (Gself + ZGlnt) (126)

whereboth sumsrun up to the total numberof atoms.Gi'j1t and Gise'f canbe calculatedaccordingto
eql.25(applyingtheapproximatiorof thedielectricdisplacemenin thefirstintegral by the Coulomb
field):

nt_ GG 1 /_. -
G _ssmj|+—8m8 Bi(F)B; (7)dF (1.27)
p
self q2 1 =R
G = o+ e / B2(7)d? (1.28)
S

Vo

The self enegy Giself of a point chage yields a diverging enegy contritution. To avoid this
singularity atrick is appliedin eq1.28: Theatomis notlongerconsideredsa point, but asasphere
with radiusR;, e.g. the van-defWaalsradius. The point chage q; is distributed over the surfaceof
this sphere.Thefirst termin eq1.28is obtainedfor this specialdistribution of the chage g, andis
calledthe Born enegy term(Born, 1920).

1.2.2 Solvation energy

The enepgy of placinga moleculefrom a homogenouslielectric mediumwith the samedielectric
constant, for solventandsoluteinto a heterogenousdielectricmediumwith g, for the soluteand
a higherdielectric constants for the solvent, is called heresolvationenegy AGg. This enegy is
identical to the electrostaticpart of the corventional solvation enegy if €, is unity, which is the
dielectric constantof vacuum. (This enepgy, however, doesnot include the non-polarpartsof the
solvation enegy.) AGg is calculatedby taking the differencebetweenthe electrostaticenegy in
the heterogenouslielectric medium Gg (accordingto eq 1.26) and the electrostaticenegy in the
homogenouslielectricmediumGyon;

If the Born formulais alsoappliedfor the calculationof self enegiesin the homogenouslielectric
medium,Gnom is calculatedasfollows:

_ o Giq)
Ghom= Z (2%& + ep\ﬁj|> (1.30)

1>

Again,theenepgy is splittedinto a self enegy andaninteractionterm:

AGe = AGS® + AG™ = )3 (Aefe” + ZAGQ’,-“) (1.31)

i 1>

Takinginto accounteq1.27andeq 1.28,AG§’-1t andAG™" resoheto

acit — 9% / Bi(7)B; (7)dr — i 1.32
o gglmj| * 8mne &p|Fij (1.32)

1 . o
MG — ¢, 1 / B2(r)dr — 1.33
2esR; + 8mA\e ) 2pR; ( )

Vo
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With the expressiorfor thereducedlielectricconstaneq1.24,this canbewritten shorteras

- ai 1 r. .
aG = — 49 /D- NB: (F)dr 1.34

AGH" = / B2(7)
! 2A£R. 8TrAs

(1.35)

1.2.3 Generalized Born approximation

In the spirit of the Born enegy term, AGSG'f canbe formally written asan analogousBorn enegy

term with a yet unknavn effective Born radlusbi, which accountdfor the volume coveredby the
solutesurroundingatomi:

agre — & (1.36)
! 2Aeb;

If . : . o
If AGise is alreadycalculatede.g. by solvingthe PBE or by applyingthe analyticalapproximation
describedn thenext sections)the effective Born radiusb; is givenby thefollowing equation:

2
b——— (1.37)

20eNG®"

In the sameway, AG'”t canbe written with an effective mteractlondlstanceRS accountingfor
theinfluenceof thesolutevolume

Gid;
AERI-SJ-OIV

Puttingtogethereql.37andeq1.38with eql.31lyieldstheso-calledyeneralizedBornequation(Still
et al., 1990):

AGT = — (1.38)

Gid;
AGE = — 1.
Ge Z <2Asb. J;A ) (1.39)
What | call generalizedBorn approximationhere,is the approximationof RI-SJ-O"’ by a function of by
andb; andtherealdistancebetweeng; andq;, |fij|. To derive sucha function,we will carryouta
Gedankneperiment Imaginea chage gk with the effective Born radiusby. This chage hasa self
enegy of

O
2A\eby
Now we divide the chage g into two smallerones,q; andq;, with effective Born radii by andb;,
andseparateéhetwo new chagesby aninfinitesimalsmalldistance.The self enegy of thetwo new
chagesplus their interactionenegy shouldbe the sameasthe self enegy of the one old chage
before:

AGE" = — (1.40)

% _ @ 4  aq (L.41)
2A\eby 20\eb;  2Aeb; AsRiSjO"’ '

The effective Born radii b, bj, andbx canbe assumedo be equalsincethe effective Born radius
mainly accountgor the geometryof the soluteandall threechagesareonly infinitesimalseparated.
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If we set R?jo"’ = by = b; = by, eq1.41is fulfilled sincegx = g +q;. Thus, RIS approacheshe
effective Bornradiusfor smalldistancedetweerg; andg;.

In the next stepof the Gedankneperiment we separatehe two chagesby a large distance
comparedo the size of the solute. AG”1t will thenbe mainly determinedby the simple Coulomb
enegy. This meanghat RISO"’ approacher:herealdistancqf'ij |.

A suitablefunctionto connectthesetwo extremecasesvasproposedy Still et al. (1990):

ReOM = /IFj 2+ biby exp([Fij|/4biby) (1.42)

This function approached;| if the distancelT;;| is large comparedo the effective Born radii, and
approachethegeometrianeanof thetwo Bornradii by andb; for asmalldistancer;|. Thefunction
is notonly in agreementvith theresultsof our Gedankneperimentbut is alsobasedn someother
considerationgStill et al., 1990),which | have notmentionechere.

Theexpressiorfor AGg cannow bewrittenwith only onesumover all possiblepairsi j (including
pairswherei = j). To accountfor thedoublecountingof interactionenegies,a factorof 1/2 hasto
beincludedfor theinteractionenegies.

Gid;

AGg = — 7= (1.43)
2he % V/[Tij|?+ bibj exp(—|Fi; [2/4bib;)

self

However, to really calculateAGg, away to determingheselfenegy AG™ hasstill to befound.

1.2.4 Pairwise self energy potential

To evaluatetheintegral in eq1.35,a moleculardensityfunction Ps(T) is introduced:

1 : Trisinsidesolutevolume
PS(?)_{ 0 : otherwise (1.44)

Eq1.35cannow bewritten with theintegral over all space:

AG_self _

D?(P)Ps( 1.4
i 2AsR. 8TrA£/ S(F (1.45)

ThemoleculardensityfunctionPs(T) is now splittedinto a sumof atomicdensityfunctions.For each
atomk, thereis oneatomicdensityfunction R (F) describingthe volumedistribution of the atom.

= ZFW) (1.46)
Thecontrikution of atomk to the self enegy of atomi, GlskeIf , Is givenby
If 1 —
G = / B2(7)P(F)dP (1.47)
\%

The sumof GiskeIf for all atomsk leadsto the secondtermin eq 1.45, so that this equationcan be
rewritten as

AG'self _
! 2AsR.

+5 G (1.48)
kZI

Therestrictionk #£ i is in principle not necessarginceit doesnot changethe exactresult. However,

dueto approximationsappliedlater, the explicit exclusionimprovesthe approximatedesult. For

detailsseeSchaefeandKarplus(1996).
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The contrikution Giske” to the self enepy is always positive. Sincethe dielectric displacement
self

D; generallydecreasewith increasingdistancefrom thechagei generatinghe displacement(;,
representan effective repulsionbetweeratomsi andk. This repulsionis causedy the contritution
of atomk to the solutevolume, preventingatomi from interactingwith thesolventdirectly.

1.2.5 Atomic charge and volume representation

In practice,it is noteasyto find a suitablesetof atomicdensityfunctionsP(r). Simply representing
atomicvolumesby spheres|eadsto overlapsof bondedatom pairs, but at the sametime thereare
still cavities betweenclosely neighboredhon-bondecatoms. Doing it this way, the solutedielec-
tric mediumis very discontinuous.To flattenthesediscontinuities both the chage distribution of
atomi, p;(T) andthe atomicdensityfunction of atomk, Px(F), arerepresentetly three-dimensional
Gaussians:

Y w3253 (- 5 R
_7)2
&Wﬁ=&;h3mp—%ﬁ£% (1.50)

R is, asbefore thevan-defWaalsradiusof atomi. Thewidth parameteR; of thechage distribution
is chosersuchthattheBornselfenegy of the Gaussian-distrilitedchageis the sameasif thechage
wasequallydistributed on a sphereof radiusR;,. Thewidth parameteR; of the volumedistribution
is the effective atomradiusderived from the averagesolvent-inaccessiklvolume contritution V of
thedifferentatomtypesin proteinstructuredrom the PDB. The Gaussiangarenormalizedsuchthat

6 = [ pi(r)r (151)
\Y
and .
wzgﬁz/amw (1.52)
\Y

The volumeV doesnot dependon the smoothingparameten, which is introducedto control the
width of the individual atomicvolumefunctionsP(F). With avalueof a = 1.0, the fluctuationsof
thevolumedensityarestill too strongto yield reasonableesults.A valuefor a in therangefrom 1.2
to 1.8leadsto a suficiently smoothvolumedensitybut doesnot yet greatlyalterthe contourof the
proteinasawhole.

1.2.6 Evaluation of the self energy

To solve theintegralin eq1.47,againthedielectricdisplacemenb; is approximatedy the Coulomb
field, which meansneglecting the reactionfield contrikution to the enegy density of the electric
field. For detailsand discussionof the introducederror, see Schaeferand Karplus (1996). In a
homogeneousdielectricwith dielectricconstang, the electrostatigotentialg of a Gaussiarchage
distribution p;(T), seeeq1.49,is givenby

an=q T/R)

whereerf denotegheerrorfunction:

(1.53)
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erf(z) — %{ / et (1.54)
0

Basedonthe Coulombfield approximationthedielectricdisplacementf the Gaussiarthage distri-
butionis

; ert(F—Ti/R)

bi(M = —60—F— (1.55)

. : . : If
Insertionof eq1.55andeq1.50into eq 1.47 leadsto the following expressionfor the enegy Giske

thatatomk contritutesto the self enegy of atomi:

e Lerf(P=nil/R)\’ (P10’
G _m/(DW) exp(—W a7 (1.56)

\%

Thisintegral is not analyticallysolvable. However, a suitableapproximatiorcanbe usedif Giske'f
is finite and monotonicallydecreasingvith the distance|Fi|. Theseassumptiongail in the limit
R — 0 andif theratio Ri/(alik) is larger thana critical valuethatis closeto unity. By numerically
integrating eq 1.56, it turns out that at shortrange(|Fi| < aRy), GiSke'f decreasetike a Gaussian,

whereast approacheqi2\7k/(8m£|ﬁk |*) atlong range.This behaior leadsto thefollowing Ansatz

| M2, @Y% [ Ind® \*
et G (_l ik ) . i 157
K~ Dy P o e ik |4+ 1t (1.57)

The parametersok andoj, determinethe heightandwidth of the Gaussiar’thatapproximate@iskeIf

in the short-rangelomain.Thefirst termin eq1.57becomesegligible for large |Fik|, andthe second
termvanishest |Fix| = 0 dueto theintroductionof theparametepy,. Theparameters eql.57arede-
terminedby calculatinganalyticallytheexactvaluefor G;*" andthesecondiervative 3G /9|Fy |2

at|fik| = 0 usingeq 1.56. Thisis possiblesince|rix| = 0 meanghatt; = Tx. At |Fi| = 0, thesecond
term of eq1.57 aswell asits secondderivative vanishesso thatthe parameterso, andc canbe
determinedasfollows:

e
P 4(Qik3—T[ZIIrch;rQik) (1.58)
2D2(0 -
- \/(?éar ?Sg:t - Z;it:tfré?k (1.59)
with
Qik = qiﬁ( fy = 2 _ 1 q2 _m (C‘ikﬁk)Z_ . max(o( 5)
| \/m’ T @+l 28 +1 k=3\"r ) , =
(1.60)

The long-rangeparameten is determinedoy making surethat the value of the Born enegy
term of a chage g in a homogenouslielectric mediumwith dielectric constante,, is maintained.
Thisyields

7T/2R,
Mik =

- 512(1- 2C %R
Wik Vic

(1.61)
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1.2.7 Non-polar solvation term

To extend ACE to ACS, a term for the non-polarpartsof the solvation enegy G"P is addedto the
electrostatisolhationenepy:

2Ri

bi
Rs is the radiusof a water probe sphere. The empirical solvation parameteio hasthe dimension
J/(mol,&z), which appearsin corventional solvent-accessiblesurface approximationsof the hy-
drophobiceffect. It is typically setto valuesof about10 to 12J/(mol,&2). All other parameters
in eql.62areknown from the electrostaticpart,sothatthe calculationis straightforward.

ACSwasintroducedby Schaefeet al. (1998).In their paperthey appliedalsosomeotherminor

improvementsof the basicACE potential,which | will not describehere. Unfortunately the paper
itself (Schaefeet al., 1998)doesnot give alot of details,either The publicationof amoreextensve
descriptionis in preparation.

G"™ = ZGi”p:4T[ch(Ri+Rs) (1.62)



