Chapter 4

Calculation of Protonation and Redox
Equilibria in Proteins

It is well-known thata proteincanexist in multiple conformationabktategFrauenfeldeetal.,
1988). Besidethesedifferent conformationalstates,the proteinscan also exist in different
protonationstates.If the proteinis redoxactve, alsodifferentredoxstatescanoccur Thusto
identify a proteinstate the specificatiorof the proteinconformationthe protonatiorstate and
theredoxstateis required.

If a singletitratablegroup hastwo possibleprotonationforms, the total numberof pro-
tonationstatesof a proteinwith N titratablegroupsis 2N. In generalhowever, eachtitratable
groupcanhave multipletautomeridormsandaproteincanhave multiple conformationastates.
Sometimeslsomultiple redoxstatesof prostheticgroupsmayoccur A protein,which hasN
titratablegroupseachwith n; possibleprotonatiorforms(protonatiorandtautomeridorms),K
redox-actve groupseachwith k; possibleredoxformsandL conformationaktatespossesses
totalnumberof P stateqeq4.1).
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If eachtitratable(redox)groupwould have only two protonation(redox)forms, thenthe
stateof the proteincould be describedy a numberspecifyingthe conformationaktateanda
(N+K)-dimensionalectorspecifyingthe protonationrandredoxstateof the protein. The com-
ponents, of thatvectoradopteitherthevaluel or 0 dependingnwhetherthegrouppis proto-
nated(reducedr deprotonatedoxidized).If eachgrouphasmorethantwo forms,the protein
canbedescribedy anintegeridentifyingtheconformationastate a (N+K)-dimensionalector
specifyingthe protonationandredoxstateof the protein(elementgangingfrom 1 to n;j or k;),
anda (N+K)-dimensionalectorspecifyingwhetherform n; of groupp is protonatedreduced)
or not (the elementsspecify eitherthe numberof boundprotonsor electrons). Although, a
treatmentllowing morethantwo protonation(redox)formsfor eachgroupwouldin principle
bepossiblejt is not commonlyused.Therefore] referin the following to the commonlyused
treatmentconsideringwo possibleprotonation(redox)forms for eachgroup. Furthermore]
assumethateachconformationaktatecanberepresentedly a singleproteinstructure.

The protonationprobability (x,,) of thesitep is givenby a thermodynami@verageoverall
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possibleprotonationyedox,andconformationabktategyivenby eq4.2,

E xuexp(—Gi/RT)
(X ==

— (4.2)
iZlexp(—Gi /RT)

wherex,, is oneor zerodependingvhetherthe site i is protonatedor not, G; is the free en-
ey of the statei = {p,l} (p = {n,k} specifieghe protonationandredoxstate, specifieghe
conformationaktate),R is the universalgasconstantandT is the temperature Analogousto
eg4.2,the probability of a particularredoxstateor a particularconformationcanbe obtained.
From this probability (x), it is possibleto calculatethe enegetic parameterssuchas redox
potentialsasafunctionof ervironmentalparametersasfor instancehe pH value.

4.1 Protonation Equilibrium of a SingleTitratable Group

Theprotonatiorequilibriumof a singletitratablegroupcanbedescribedy eq4.3.
HA= A +H" (4.3)
Theequilibriumconstants givenby eq4.4.

ThepH of thesolutionandthepK, of anacidaredefinedasthenegative of thedecadidogarithm
of thehydrogenon concentratiorieq4.5) andthe K, value(eq4.6),respectrely.

pH= —Ig[H"] (4.5)

pKa = —IgKa (4.6)

By taking the logarithmof eq 4.4, multiplying the so obtainedequationby —1 andreplacing
—Ig[H*] and—Ig K, by pH andpKs,, respectiely, we obtainaftersomeadditionaltransforma-
tions
_ [A7]
pH = pKa+Ig [HA] 4.7)
Eqg 4.7 is the so-calledHenderson-Hasselbal@guation. The relation betweenpK; andthe
standardeactionfreeenegy G3 is givenby eq4.8.

__Ga
RTIN10

The pH dependencef the protonationprobability of anacid canbe describedasfollows.
Theprobability (x) thattheacidAH is protonatedis givenby (x) = [HA]/([HA] +[A~]). With
thesedefinitionsandeq4.4 oneobtainseq4.9andeq4.10.

pKa = (4.8)

_ (XA
HAl= T o5 (4.9)
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Figure 4.1 pH dependencef the protonationprobability (x) of a titratablegroup. This curve was
calculatedvith eq4.12usinga pKj of 7.0.

1— (X)) [HT
o - A0 (010
With eqs4.5and4.6,eq4.10becomes
K %)
pH—pKa=—1g =) (4.11)
andfinally aftersometransformations
10(PKa—pH)
<X> = m (412)

Thefunctiongivenby eq4.12is depictedn Figure4.1. Fromeq4.11onecanseethatthe pK,
of anacidis equalto the pH atwhich fifty percentof theacidmoleculesareprotonated.
Becausef eq4.11andbecaus®f thefundamentathermodynamicelationin eq4.13,

x)
G=—RTIn (4.13)
(1)
thatthe differencebetweerthe pH andthe pKj relatesto the free enepgy requiredto protonate
anacidicgroupatagivenpH by eq4.14.

G =RTIn10(pH— pKa,) (4.14)

4.2 RedoxEquilibrium of a SingleRedox-Active Group

The descriptionof redoxequilibriais in principle very similar to the descriptionof protona-

tion equilibria presentedn Section4.1. The equilibrium betweenthe redoxcoupleAqy/A 4
(eq4.15)

Aox+€ = A~ (4.15)

red
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is definedin eq4.16.

[Ared]
Ker = —— 4.16
Aadle] (419
By takingthenaturallogarithm,eq4.16transformgo eq4.17.
—In[e ]=InKer —In [Ared (4.17)
[Aox]

Analogouslyto the derivation of the Henderson-Hasselbal&guation(eq4.7), two variables
aredefined(eqs4.18and4.19).

E = —?In[e_] (4.18)

E° = lT:—TIn KeT (4.19)
Here,however, thenaturalogarithmratherthanthedecadidogarithmis used.A factor—RT/F,
whereF the FaradayconstantR the gasconstantandT is thethermodynamidemperatureis
neededo obtainE andE®° in Volt. E° is the standardredoxpotential, E is the eletromotve
forceor theredoxpotential.Multiplying eq4.17by RT/F andusingeqs4.18and4.19,eq4.17
is transformedo the Nernstequation(eq4.20).

RT . [Aox]
E=E°+—In-—— (4.20)
F[Aked
TherelationbetweerE® andthe standardeactionfree enegy G3 is givenby eq4.21.
(0}
O — % (4.21)

The probability thata redox-actve groupis oxidizedcanbe describedsimilarly to the de-
pendencef the protonatiorprobabilityof anacidon pH (Sectiond.1). Theprobability (z) that
aredox-actve groupis in its oxidizedstateis definedas(z) = [Aox]/([Ared + [Aox]). After an
derivationanalogougo the onepresentedn Sectiond.1,the probability (z) thata redox-actve
groupis reduceds finally obtainedas

<Z> _ eXp(RLT(E B EO))

_ 4.22
1+exp (g7 (E—E?)) (4.22)

In analogyto eq4.14,the free enegy requiredto oxidize a redox-actve groupat a given
redoxpotentialof thesolutionis givenby eq4.23

G=-F(E—E° (4.23)

4.3 Titration Curvesfor aProteinin a SingleConformational
State

The formalismto calculatethe protonationprobability of titratable groupsin proteinsfor a
singleproteinconformationis well establishedBashford& Karplus,1990;Yangetal., 1993;
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Figure 4.2 Thermodynamicycle to calculatethe protonationenegy from gasphaseproperties.in
thefirst stepthe moleculeis transferredrom the gasphaseg(g) to a solution(s) andin a secondstepthe
moleculeis transferredrom the solutioninto the protein(p).

Berozaet al., 1991; You & Bashford,1995; Bashford& Karplus,1991; Antosiawvicz et al.,
1994;Beroza& Fredkin,1996;Shametal., 1997). The calculationof proteintitration curves
dissectsn two parts. In the first part, the intrinsic pK5 valuesand the interactionenegies
betweentitratablegroupsare computed. In the secondpart, theseenegy termsare usedto
calculatethe protonationprobability of titratablegroupsin a protein.

4.3.1 Expressiondor the Protonation State Energy

ThepKj, valueof atitratablegroupwithin a proteincanbeconsiderablyghiftedcomparedo the
pKa valueof the sametitratablegroupin aqueousolution. The shift is causeddy interactions
betweernthetitratablegroupandotherchagesin theproteinandalsoby changesn thedielectric
ernvironmentof thetitratablegroupwhenthegroupis transferredrom aqueousolutioninto the
protein.

If the protonationof only a singletitratablegroupin the proteindependson pH, the pKa
shift is relatedto the differencebetweenprotonationenegy of this groupin the proteinand
the protonationenegy of a propermodelcompound. The pK; shift can be obtainedvia the
thermodynamicyclesshownn in Figure4.2. The pK; of modelcompoundsn aqueousolution
areusuallydetermineaxperimentally(Tanford,1962). Sometimeshowever, experimentapKy
valuesarenot easilymeasurablehecausao appropriatanodelcompoundsxist outsidepro-
teins. In thesecasesthe upper(gasphasehermodynamicycle in Figure4.2 canbe usedto
estimatethe solvent pK; of a modelcompoundthat reconstituteghe propertiesof the group
inside the protein. The enepgy differencebetweenthe protonatedand unprotonatedorm in
vacuum(upperhorizontaltransition)can be obtainedfrom quantummechanicakalculations
(Lim etal., 1991; Potteret al., 1994; Li etal., 1996; Richardsoret al., 1997). The enegy
changeadueto thetransitionfrom vacuumto aqueousolutionis accessibleitherfrom molec-
ular dynamicscalculationsor from electrostaticcalculationsusing the numericalsolution of
the Poisson-Boltzmann-Equatioifhe upperthermodynamicycle of Figure4.2 describeshe
calculationof a pK, valuein aqueousolutionusingtheinformationobtainedrom a gasphase



34

Titratable groups w ithin
the Prote in

PR
- aw

“ -
/?x.,,.,f

lon Exclusion Layer

Figure 4.3 TitratableGroupsandModel Compoundanlonic Solution. Themodelcompouncheedgo
have the sameconformationastheaminoacidin the proteinin orderto maintainthe cancellatiorof the
artificial grid enegy by usingthethermodynamicycle technique.

guantummechanicakalculation. In the lower thermodynamicycle of Figure4.2 illustrates
the calculationof the shift of the pK;-valuedueto the transitionof the titratablegroupfrom
aqueousolutionto the proteinenvironment.

In generalthe protonationof morethanonetitratablegroupin a proteindependson pH.
Thustheinteractionbetweernthesetitratablegroupsis alsopH dependentDueto theinterac-
tionsbetweerthesegroups titration curvesof aminoacidsin proteinscandeviate considerably
from standardHenderson-Hasselbaldurves(Figure4.1,eq4.2). Becausef this deviations,
it is sometimesmpossibleto assignpK, valuesto specificgroups.Therefore the pH value,at
whichtheprotonatiorprobabilityof thetitratablegroupis 0.5,theso-callecoK, » value,is used
insteado describehetitration behaior. However, only acurve shaving the pH dependencef
the protonationprobability of a particulargroupcandescribehetitration behaior correctly

If only electrostaticontributionscauseahedifferencebetweerthe protonatiorenegiesof a
titratablegroupin a proteinandin agqueousolution,the Poisson-Boltzmanaquationprovides
areasonablapproximatiorof this enegy difference Oneenegy contritutionis the pK, value
of apropemodelcompoundf thetitratablegrouppin aqueousolution,ng‘Sde'. Transferring
thetitratablegroupp into a protein,in which all othertitratablegroupsarein their unchaged
protonationform, causesn enegy shift. This enegy shift canbe separatehto two contribu-
tions. Thefirst enegy contritution AAGgom is a Born-enegy-like term(eq4.24),which arises
from the interactionof the chagesof the titratablegroupwith its reactionfield. The second
enepgy contribution AAGy « arisesfrom the interactionof the chagesof the titratablegroup
with non-titratingbackgrouncchagesandwith the chagesof the unchagedform of all other
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titratablegroups(eq4.25).

Nou

1 1o
AAGeomy =5 3 Quulb(rii Q) — (i Q] =5 3 QRen(ris Q) —an(rii Q)] (4.24)

NP Nm
AAGpacky = _ZQi (o (ri; Q) — @p(ri; Q)] - _ZQi [@m(ri; Q) — m(ri; Q)] (4.25)

The summationsn eq4.24run over the Ng ;, atomsof groupp that have differentchagesin
theprotonatedh) (Qf",) andin thedeprotonatedd) (Qf,) form. Thefirst summatiorin eq4.25
runsovertheN, chagesof the proteinthatbelongto atomsin non-titratablegroupsor to atoms
of titratablegroups(not to ) in their unchagedprotonationform. The secondsummationn
eqg4.25runsover the Ny, chagesof atomsof the modelcompoundhat do not have different
chagesin the differentprotonationforms. The terms@u(ri, Q). @m(ri,Qf), @p(ri,Ql), and
Pp(ri, Qﬂ) denotethe valuesof the numericalsolutionsof the Poisson-Boltzmanequationat
the positionr of theatomi. The numericalsolutionof the Poisson-Boltzmanequationwas
obtainedusingtheshapeof eithertheprotein(subscriptp) or themodelcompoundsubscripin)
asdielectricboundaryandassigninghechagesof thetitratablegroupp in eithertheprotonated
(Q[}) or thedeprotonatedQﬂ) formto therespectre atoms.Thesewo enegy contritutionsand
the pK, valueof themodelcompoundarecombinedo the so-calledntrinsic pKa valuepKintr i
(eq4.26).

1
RTIN10

The intrinsic pK, valueis the pK, valuethatthis site would have, if all othertitratablegroups
arein theirreferencerotonatiorform. | usetheunchagedprotonatiorform asreferencdorm
here. The interactionW, betweenthe two sitesp andv in their chagedform is definedin
eq4.27.

PKintr,u = ng’h)del_ (AAGBornp + AAGhacky) (4.26)

Nou

Wi = _Z[Qﬂ,i — Qi llep(ri, Q) — @p(ri, Q)] 4.27)

Theenepy of aprotonatiorstateX, of theprotein,whichis characterizetdy theprotonation
statevectorX, = (x{,x3,...,Xy), is givenby eq4.28

N

Gn= 3 (GRTIN10(pH —pKinir)) +% > Y MaOG+a) (5 +ay) (4.28)
p=1 p=1v=1

Wherex[} is 1 or 0 dependingvhetherthe site 1 is protonatedr not, qﬁ is theformal chage of
the deprotonatedorm of groupy, i. e. —1 for acidsandO for bases.Thesumsrun overall N
titratablegroups.Hereandin all subsequergquationst is assumedhat\W, = 0.

The problemof calculatingthe enegy of 2N protonationstatess scaleddown to the prob-
lem of calculatingN intrinsic pKy valuesand (N x (N — 1))/2 interactionenegies. Instead
of solvingthe Poisson-Boltzmanaquatiorfor the protein2N timesnumerically i. e., oncefor
eachprotonationstate, only 2 x N numericalcalculationdor the proteinareneededThe2 x N
additionalcalculationgo obtainthe electrostatienegiesof the modelcompoundsareneeded
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aryway. Thecalculationof theenegy of aprotonatiorstateof the proteinis givenby thesumin
eg4.28. Thisenegy canin principlebe usedin eq4.2to obtaintitration curvesasthethermo-
dynamicaverageof the protonationof groupi. But this calculationis oftentoo time consuming
for larger proteins.For this reasonapproximatiormethodshave beendevelopedto reducethe
computationaburden(Tanford& Roxby, 1972;Bashford& Karplus,1991;Yangetal., 1993;
Gilson,1993).

4.3.2 Calculation of the Protonation Probability of Titratable Groupsin
a Protein

Several stratgiesto calculateprotonationprobabilitiesof proteinsor otherbiomoleculesxist
in theliterature.Herel describehosethataremostcommonlyused.

Tanford-Roxby Approximation

Oneof the earliestattemptgo calculatepK, valuesof individual aminoacidsin proteinswas
madeby Tanford& Roxby, 1972. Later, Bashford& Karplus,1991shavedthatthis approach
is a meanfield approximationto the exacttheory The Tanford-Roxbyapproximationworks
well for weaklyinteractinggroups but failsif the protonatiorof two groupswith similar pKj is
stronglycoupled.lIt is computationallynuchlessexpensve thanthe exacttreatmentpecause
the full summationover all possiblestatesin eq 4.2 is avoided. As alreadypointedout by
Tanford& Roxby, 1972,the pK, calculatedy thisapproactdepend®n pH.

The Tanford-Roxbyapproximatiorassumeshat the averagechage of a titratableresidue
dependson the averagechage of all other titratablegroups. The pK; inside the proteinis
calculatedn aniterative manneiby thealgorithmintroducedoy Tanford& Roxby, 1972.In the
i-th iteration,the pK; of sitet is givenby eq4.29.

N
PKai() = PR~ gz 3, (M (0500 + (O00) +9) (429

whereqﬁ is the formal chage of the groupp of the deprotonatedorm, i. e., —1 for acidsand
0 for bases.This pKj is usedin eq4.30in orderto obtainthe protonationprobability for the
(i+ 1)-thiterationby eq4.30.

10(PKau(i)—pH)

O+ 1)) = T kau—pr (4.30)

Theiterationproceedsntil self-consistengis reachedln theinitial step,thepK; valuesinside
theproteinareassumedo beidenticalwith theintrinsic pK; values(eq4.26). Notethateq4.29
usespKintry ratherthanpKa(i). Otherwisethe interactionenegy would accumulateduring
iteration.

Hybrid Statistical Mechanical/Tanford-Roxby Algorithm

Yangetal., 1993developedanalgorithmwhich combinesan exactstatisticaimechanicatreat-
mentwith the Tanford-Roxbyapproximation. All titratableresidueswithin a certaincut-off
distanceof a titratablegrouparetreatedwith an exact statisticalmechanicahlgorithm,while
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thetitratableresidueoutsidethis cut-off radiusaretreatedwith the Tanford-Roxbyapproxima-
tion. A cut-off distancethatgave reasonableesultswas?7 A (Yangetal., 1993). Alternatively,
alsoanenepy cut-off for theinteractionenegy W,y canbeused.

In this approachthe titration curve of a proteinwith N titratablegroupsis calculatedas
follows; js titratablegroupsare within a certaincut-off distanceof a particulargroups, the
remainingN — js groupsareoutsidethis cut-off distance. Thefull statisticalmechanicatreat-
mentis only donefor the js groupsinsidethe cut-off radius,the othergroupsareconsideredy
a Tanford-Roxbytreatment.The enepgy of the protonationsubstatans of the js residuesn the
i-th iterationis givenby eq4.31

Js is s

Gny(i) = 3 xrRTIN10(pH—pPKinry) +5 5 > (Wi (4F +0a0) (= +a)) - (4.31)

is N
+3 Y W+ (0 () +)
u:lv:]s+l

The averageprotonation(xs(i + 1)) of groups in the (i + 1)-th iterationis calculatedfrom
eq4.32.

2is

> Xsexp(—Gn,(i)/RT)

(xs(i+1)) =" (4.32)

3 @p(=Cn.(i)/RT)
The sameprocedurds appliedto all N titratablegroupsand iterateduntil self-consistengis
reachedThecalculationrmustberepeate@teachpH in orderto obtainatitration curve. In the
first iterationstep,the pK, areassumedo beidenticalwith theintrinsic pK; values.A cut-off
distanceof 0 A leadsto the Tanford-Roxbyapproximationhile a cut-off distanceof infinity
leadsto the exact statisticalmechanicatreatment.Note thatfor eachgroupa differentsetof
titratablesiteswill betreatedexactly.

A similar but not identicaltreatmentwas usedby Gilson, 1993 (ClusterMethod). In this
approachthe proteinis dividedinto clustersof coupledresidues.The criterionfor the cluster
ing is the couplingbetweerthe titratablegroups. Theinteractionwithin a clusteris calculated
exactly, while the interactionbetweendifferentclustersis treatedby the Tanford-Roxbyap-
proximation.Also in this approachthe calculationof the protonationprobability iteratesuntil
self-consistengis reached.

ReducedSite Approximation

In orderto avoid unnecessargalculationsof enegiesof protonationstateswhich areunlikely
to occur Bashford& Karplus,1991developeda methodthatconsideronly stateshathave a
considerableontritutionto thesummationn eq4.2. If thepH is farawayfrom thepH atwhich
the particularsite titrates, the site will be consideredo have a fixed protonationstate. This
reduceghe numberof protonatiorstatesrom 2N to 2N-M if M siteshave fixed protonations.
The standardree enegy for addinga protonto sitep will be maximal,whenall othersites
areprotonatedthusthe maximumfreeenepgy is calculatedvith eq4.33.

N
v=1
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Thefreeenegy will beminimal, whenall othertitratablegroupsaredeprotonated, e.,
N
C"»‘min,u = Gintr,u+ Z Wquﬁ (4-34)
v=1

At agivenpH, themaximum(minimum)protonatiorpossibldor sitepis obtainedrom eq4.35.

AGma)(min),p_ RTIn10 pH

O = exp(— RT )

maxmin),it — AG im u—RTIn10 pH
1+ exp(_ ma>(m|n),p|1?T p

(4.35)

)

A sitepisfixedin its protonatedormif Ominy, > 1.0— € andin its unprotonatedorm if AOmaxy >

€, € is an adjustable albeit small parameteand shouldbe setto 0.05 or less. However, the
protonationof thefixedtitratablegroupswill influencethe pKin, valueof the unfixedtitratable
groupp. Thecorrectionis givenby eq4.36.

Ntixed
AGintrp= Yy Wn(ah+ fy) (4.36)
v=1
i.e.,
d 1 Nfixed
PRt = PKintru — o175 > Wi (63 + f) (4.37)
V=

wherefj is eitheroneor zeroaccordingo if thesite j is fixedin theunprotonatear protonated
form.

Monte Carlo Titration

Berozaetal., 1991developeda MonteCarlo(MC) methodto calculatetitration curvesof amino
acidswithin proteins.This MC methodis describedelon. With this MC method statesvhich
areunlikely to occurarenot considered The averageprotonation(x,) of site i is obtainedoy
averagingx, overthe sampledstates.The MC titration methodcanalsobe combinedwith the
reducedsite approximationBashford& Karplus,1991)describedbove.

Standad Treatment.The initial vectorX describingthe protonationstateof the proteinis
generatedandomly In a Monte Carlo move the protonationof the randomlychosersite 1 is
changedThecorrespondinghangan freeenegy AG is obtainedrom eq4.38,

N
AG = Axy (In 10RT(pH — pKintr,u) + ;Ww(qur ) (% + Q3)) (4.38)

whereAx, = +1isthechangen theprotonatiorof sitep. Thenew protonatiorstateis accepted
accordingo the Metropoliscriterion,if AG < 0, the protonationof site 1 is alwayschangedif
AG > 0, the protonationof site p is changedwith probability exp(—AG/RT). A Monte Carlo
scanis finishedafter N moves,i. e., after eachof the N titratable groupshasbeentried to
changedhe protonationstateoncein average.After someequilibrationscanstypically a few
hundredthe protonationstatesof eachscanareusedto evaluatethe averageprotonation.
Treatmentof Strongly-CoupledSites. If two sitesare strongly coupled,the intermediate
statebetweentwo protonationstatesmay have a high enegy and so the transitionfrom one
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Figure 4.4 Treatmenbf two strongly-coupleditesin Monte Carlotitration calculation.If theenegy
barrierfor the transitionfrom state(1,0) to state(0,1) via the states(1,1) or (0,0) is too large (sold
arrons), a Monte Carlo stepis performedthat simultaneouslyswitchesthe protonationof both sites
(dashedarrow).

stateto anothermightbeunlikely asdepictedn Figure4.4. The problemcanbeavoidedwhen
the protonationof the two sitesare switchedsimultaneouslywhich cancorrespondo a direct
proton exchangebetweenthesetwo sites. The doubleswitch was acceptedaccordingto the
Metropoliscriterionsimilar to the singlesite titration. At very low dielectricconstantge <2),
the eventhreegroupscanbe coupledstrongly Thenthe introductionof triple-movescanhelp
to preventsamplingproblemgRabensteirtal., 1998a).

Estimationof the StatisticalUncertainty To estimatethe statisticaluncertaintyof the MC
calculation,it is necessaryo calculatethe numberof independentiatasetsin the sample.The
correlationfunctionfor the protonationof site i determineghe correlationtime t°" between
approximatelyndependentneasurementst is givenby eq4.39,

T-1-1
GO =37 3 Wt 0 (4.39)

wheret is thetimein unitsof MC scansT is thetotal numberof scangor the maximumtime),
andt is thetime variableof the correlationfunction. The correlationtime T;°" is thetime for
whichC, (1) becomesegligible (for instancg C,(t) |< C,(0)/10). Thenumberof independent
measuremenis T /13°". Thevarianceof onemeasuremeris C,(0). Theuseof theaverageof
T/13°" independenteasurementsrovidesthe standardieviation oy, givenin eq4.40.

Cu(0)
T /Tﬁorr

o= (4.40)
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4.4 Titration Curvesfor a Protein with Multiple Conforma-
tional States

4.4.1 Considerationof the Conformational Energy

If the proteincanadoptmultiple conformationaktates.eq4.28 needsan additionalterm that
accountgor thedifferencen theenegy betweertheconformationsn theirrespectrereference
states Aslongasthisadditionaltermis additive,thecalculationof titration curveswith multiple
conformationcanbe donein the sameframework asthe calculationof titration curveswith a
singleconformation.Theenegy of theconformationattatel in the protonatiorstaten is given
by eq4.41

N 1 N
Gh=S (xﬂ'RTm 10(pH — pKlyer ) ) +33 ( O+ 69) (0 +q8)) + G
p=1 p=1v=1

(4.41)

whereAGL  is the enegy differencebetweeran arbitrarily choserreferenceconformationr
andconformation. Theproteinisin its referencgrotonationstatein bothconformations and
[,i. e.,theall titratablegroupsarein their unchagedprotonatiornform.

The enepy differencebetweentwo conformationsarisesfrom electrostatiand non-elec-
trostaticinteractions.Electrostaticcontribution canbe calculatedrom the numericalsolution
of the Poisson-Boltzmanequation. However, this numericalsolutionrequiresto assignthe
chagesdiscretelyonthe grid. Thisresultsin anartifacttermedgrid enegy. This grid enegy
precludedirect calculationof the binding enegy by comparingthe differentconformations,
alongthe thick horizontalline in Figure4.5. This artifact canbe avoided by calculatingthe
otherthreestepsin thethermodynamicycle (Ullmannetal., 1997b).Theenegiesrequiredto
transferthereferenceconformatiorr andconformation of the proteinfrom amediumwith the
dielectricconstanbf the proteinto a mediumwith thedielectricconstanof water(thevertical
arraws) is calculatedrom the numericalsolutionof thelinearizedPoisson-Boltzmanaquation
asgivenin eq4.42.

Np :
AGR= %_;Qi,p (@5m(ri, ap) = G411, 0p)) (4.42)

Theterm qi”hom(r. ,p) denotesghevalueof thenumericakolutionPoissorBoltzmannequation
at positionr; obtainedfor aninhomogeneoumedium. This meansthe dielectricconstants
low andtheionic strengthis zerowithin the protein,while dielectricconstants high outside
the proteinandthe ionic strengthmustnot vanishoutsidethe protein. The term (phom (ri,dp)
denoteghevalueof the numericalsolutionPoissorBoltzmannequatiorat posmonr obtained
for anhomogeneousiedium.Thismeansthedielectricconstants low andtheionic strengths
zeroeverywhere.Both electrostatidields, (phom (ri,dp) and(ﬂ”hom(r.,qp), wereobtainedfrom
all chagesqp of the proteinin the referenceprotonatlonstate in which all titratablegroups
arein their unchagedprotonationform. The sumrunsover all N, chagesq; p of the protein.
The grid enegiescancelin AGr. The differencein solvation enegy betweenthe reference
conformatiorr andconformationl is obtainedby eq4.43.

AAGk = AGL — AGR (4.43)
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Figure4.5. Thermodynamicycleto calculatehedifferencen freeenegy betweerntwo conformations
of thesamemolecule.

The enegy differencealongthe upperarrov in Figure 4.5 betweenthe referenceconfor
mationr andconformationl in a homogeneoumediumis calculatedanalytically Sincethe
dielectricconstant®of the soluteandthe mediumare equal,this enegy changeAGgg is cal-
culatedwith molecularmechanicdorce field using the dielectric constantof the protein ep
(Brooks& Case1993;Vasqueztal., 1994).

No 1 No 1 No 1 5
Grr Z\Z + Z\Z 60| igékoo,i(wi —(Uo,i)
1 qgqj
+ i(1l—cogni@ —6i)) — (4.44)
Zlk(p' ! ) ZJ i 4ATEqEP T[]

5 3w () ()

All symbolsin eq4.44haveits usualmeaningj. e.,rj, 6;, wy, andg denotehei-th bondlength,
the i-th bond angle,the i-th impropertorsionangle,andthe i-th torsion angle,respecitiely.
Therespectre force constantsareky, Kgi, Kwi, andkgi; roj, 8o,i, andwgj arethe minimaof
the harmonicpotentials;N, Ny, Ng, Ni,, andN, arethe numberof atoms,bonds,bondangles,
impropertorsionangles andtorsionanglesyespectiely; rj j is thedistancenetweertheatoms
i andj having thechagesqg; andg;, &;j is thedepthof the Lennard-Jonepotential,andoj; the
distanceat which the Lennard-Jonepotentialbetweentwo atomsis zero. The summationn
the Coulombtermrunsover all atomicchagesin thereferenceorotonationstate.No Coulomb
andLennard-Jonesnegiesarecalculatedor atomsthatareconnectedy a covalentbondor a
bondangle.It maybeadwantageous$o consideronly the electrostatienegy andto neglectall
othercontributions(Ullmannetal., 1996).

Thenon-electrostatisolvationenegy Gng, whicharisesrom non-electrostatimteractions

of the moleculewith its surrounding,is believed to be proportionalto the solventaccessible
surfaceasshovn in eq4.45,

AGL\e = YA —A) (4.45)

whereA andA' arethesolventaccessiblsuriacesof thereferenceonformatiorr andconfor
mationl respectiely; y is anempirically obtainedparamete(Sitkoff etal., 1994).
Thetotalenegy differenceébetweerconformation andthereferenceonformatiorr is then
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givenby eq4.46.
AGL, ¢ = DAGK+AGEE +AG\e (4.46)

Thiseneqgy is usedto calculatehetotal enegy of the proteinin conformation andprotonation
statenin eq4.41.

4.4.2 Modified ReducedSite Approximation to Calculate the Protonation
Probabilities of Titratable Groups

The numberof possiblestatesof a proteinis usuallytoo large to evaluateeq 4.2 explicitly.
In single conformertitration, the MC titration algorithmscanhelp to overcomethe sampling
problem(Berozaetal., 1991). The MC movesin multiple conformerMC titration, would be
i) changesn protonationstatesof titratablegroupsandii) changesn the proteinconforma-
tion. This adaptedMC algorithm,however, cancauseseriousproblems.If the mostprobable
protonationof oneconformationaktateis very differentfrom themostprobableprotonationof
anotherconformationaktate a transitionbetweertheseconformationaktatesvould bearare
eventin a simulation. Sucha transitionwill mostlikely be rejected,becausehe enegy dif-
ferencebetweerthe presentonformationaktatein its mostprobableprotonationstateandthe
new conformationaktatein the sameprotonatiorstatewill beratherlarge. Sucha constellation
causesamplingproblemsanda biastowardsthe initial conformationaktate. Furthermoreit
is notquiteclear how to definethe statisticalerrorof theadaptedviC procedureandsohow to
determinghe quality of the simulation. Although, theseproblemscansurelybe solvedwithin
theMC framework, | avoidedthesepitfalls with anapproachyhichis detailedbelow.

TheapproacH have developedis basedon the reducedsite approximatiorfirst introduced
by Bashford& Karplus,1991. In this approachall sitesthat have a minimum possiblepro-
tonationof morethan1-e or a maximumpossibleprotonationlessthanO+¢ arefixedin their
respectre protonationstateswheree is anadjustablecut-off parameterTheintrinsic pK; val-
uesneedcorrectiondecausef theinteractionwith thefixedchages.In contrasto theoriginal
reducedsite approximationBashford& Karplus,1991),which wereusedfor a singleconfor
mationonly, moreenegy parametersieedcorrectionso maintainthe variousconformational
stategoroperlyweighted.Thecorrectecconformationaenegy Gggg;' of conformationaktatel
includesthe enegy changedueto the protonationof site , if site y is protonatedandalso
interactionenegy betweerthe siteswith non-variableprotonation.

N
MGG = Gk + 3 (& RTIn10(pH-— P, (4.47)
IJ:
_|_1' AL (6' BLWI ( n,I+ O)(X”"-i— 0))
Zuzlv—l Oy Wy (X" + A (X" 0y

whereé‘u is 1 if the protonationof site p in conformationl is variable,otherwiseit is 0. The
interactionbetweerthe siteswith non-variableandwith variableprotonatiorneedscorrections
in two ways. If thesitev with variableprotonationis in its protonatedh) state the correction
is givenin eq4.48;if the sitev with variableprotonationis in its deprotonatedd) state,the
correctionis givenin eq4.49.

N
A£Gy = > (3 02" + ) (1 + ) ) (4.48)
u:
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Figure 4.6 Flow chartfor the calculationof titration curves with multiple conformationsusingthe
modifiedreducedsite approximation. The programMEAD calculateghe intrinsic pK, valuesandthe
interactionenegies,theprogramMcTI performsthe Monte Carlotitration, theprogramSoLv calculates
theconformationaknegy of thereferencerotonatiorstate.A moredetailedexplanationis givenin the
text.

N
sl =5 (3 02" + ) (0+ ) ) (4.49)
IJ:

Thetotal enegy of conformationl in protonationstaten is givenby eq4.50.

Gy = %((1—6L)Xﬂ"RTIn10(pH—pKi'mw))
H=1N

+ “21 (-3 ('ach + @-xhacy!)) (4.50)
1 < < | | Il 0y [ ! 0 corr.l
+§“Z“Zl((1_6u)(1_5v)ww(xp’ +02) (0% +qv)) +AGE™

| determinedhe siteswith fixed protonationfrom a MC titration of eachconformationaktate,
which precedeshe actualcalculationof titration curves. If the protonationof a sitediffersless
thana given cut-off valuee from fully protonatedor fully deprotonatedtheir protonationis

fixed. This drasticallyreduceghe numberof variabletitratablegroupsandthetitration curves
even of large proteinscanbe calculatedn this way with only moderatecomputationakffort

(Rabensteirtal., 1998a;Rabensteirtal., 1998b).

Figure4.6 shavs a schemeaepresentingherelationbetweerthe calculationscarriedoutto
obtaintitration curves. Theintrinsic pK5 andtheinteractionenegiesof thetitratablegroupsare
calculatedirst by the programMEAD. Theseareusedasinputfor a corventionalMC titration
procedureusingthe programMcTI. Parallelthe enegiesof the consideredonformationsare



44

calculatedby theprogramSoLv. Theintrinsic pK, andtheinteractionenegiesof thetitratable
groups,the protonationprobabilities,and the conformationalenegies of the conformational
statesare usedasinput for the actualcalculationof titration curves. The entire computation
schemeandalsomary singlecomputatiorstepsarehighly parallelizablan atrivial way.

4.5 pH DependentProcessesvolving Proteins

45.1 Conformational Transitions

ThepH-dependencef conformationatransitionscanin principlebe calculatedsery similarto
the calculationof protonationprobabilities. The probability of conformation; canbeobtained
by thethermodynami@verageover all possiblestateqeq4.51),

22N exp(—Gy/RT)
p(l) = (4.51)
> 3 ep(=Gy/RT)

I=1n=1

WhereG'n is definedin eq4.41. All symbolshare thesamemeaningasin previoussections.If
therearetwo possibleconformationsA andB, the free enegy changefor the conformational
transitionis givenby eq4.52

o p(la)
AG(A—+B) = —RTin > s (4.52)

45.2 RedoxReactions

Becausehe deriation of the pH dependencef redox processess basicallysimilar to the
deriationof the pH dependencef protonatiornreactionsandconformationatransitions(Sec-
tions 4.3, 4.6,and4.5.1),1 describea more complex scenariohere. Givenis a systemwith
N titratablegroupsandK redox-actve groups. Thereforethe chage of the protein doesnot
only dependon pH but alsoon the redox potentialof the solution. | presentthe description
of the modelonly for a proteinwith a single conformationalstate. An extensionto multiple
conformationaktatess, however, straightforward.

For the enegy calculationof a particularprotonation/redostateof the protein,additional
enegy termsareneeded.The enepgy termsarethe standardedoxpotentialof a propermodel
compoundthedifferencebetweerntheredoxpotentialof themodelcompoundandtheredoxpo-
tentialof theredox-actve centelin thereferencestateof the protein,theinteractionbetweerthe
redox-actve sites,andtheinteractionbetweertheredox-actve sitesandthetitratablegroups.

LikethepK, of amodelcompoundeededor thecalculationof theprotonatiorstateeneny,
the standardedoxpotentialof a modelcompoundcanbe obtainedeitherfrom experimentor
from quantumchemicalcalculations.Sometimesnly quantumchemicalcalculationsareable
to obtainthe standardedoxpotentialsof amodelcompounddgor prosthetiogroupsin proteins,
becaus@o appropriatenodelcompoundsxist experimentally

Similarto thedefinitionof anintrinsic pK; valuepKin, in Sectiond.3.1,1 defineanintrinsic

standardedoxpotentialEp;, , for theredox-actve siten. It is the standardedoxpotentialthe
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redox-actve sitewould have, if all othertitratableandredox-actwe groupsarein theirrespectre
referencdorm.

1
E|ntr N Er%odel r] = (AAGrBegr%j(n + AAGL%%?‘);]) (4-53)

ThetermAAGE X arisesrom theinteractionof thechagesof theredox-actve groupn with its

reactionfield. ThetermAAG[)%%% arisesfrom theinteractionof the chagesof theredox-acte
groupn with invariantbackgroundchagesandwith the chagesof the referenceform of all
othertitratableandredox-acte groups.

1 Non 1 Nan

Eegr%xn = ZQ| n [p(ri; Q (Pm(rlaQox =5 ZQ{%d[@p rIaQ d) Om(r I’Qred)]
(4.54)

AAGIE = Zq.cppr.,Q — p(ri; QY] — Zq.[cpmr.,Q"X) @n(ri; QY] (4.55)

Themeaningof thesymbolsin eqs4.54and4.55is analogouso meaningn eqs4.24and4.25.
TheinteractionUy, x betweertheredox-actve groupsn andy is givenby eq4.56.

Unx = Z\ [Q% — Qe [@p(ri, Q) — @p(ri, Q)] (4.56)

Theinteractionv;,,, betweertheredoxactive groupsn andtitratablegrouppis givenby eq4.57.

Noyn

Vip = Z[ N p(ri, Q) — @p(ri, Q)] (4.57)

_ Z[Qu, ~ Qi 1[e(ri, Q) — @o(ri, Q)

Theenegy of a particularprotonation/redostaten of a proteindepend®n the pH andthe
redoxpotentialE of the solution.

1 N N
= 3 (QRTIN10(PH—pKintry)) +5 5 5 (W (K1 + 6 (<) + )
p=1 p=1lv=1
K 1 K K
~ 1(X,qF(E ESun) 5 >, 1<U”X n+60) (< + ) (4.58)
H= N=1x=
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The actual oxidation or protonationprobabilitiescan be calculatedfor instanceby the MC
titration method the (modified)reducedsite approximationpr the clustermethod.

If thereareonly two redoxsitesin a proteinor a proteincomple, thereactionfree enegy
of the electrontransfertaking placebetweenthem dependsn the pH of the solution. It is,
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however, independentf the redoxpotentialof the solution,sincethe solutionredox potential
cancelan theenegy difference.Only the standardedoxpotentialdifferencebetweerthe two
sitesandtheir electrostatianteractionenegy needsto be considerecandeq 4.58 reduceso
eq4.59,

N

1 N N
Gn = 3 (GRTINI0(H - PRiy)) +5 5 5 (Who (3-+ )04+ )
h=1 h=lv=1
2 N
—8e FAE R (N, X) + > > (VO + ) (X3+ ) (4.59)
n=1p=1

whereAE?,, (n,X) is the enegy differencebetweenthe redox state{n,x} = {1,0} andthe
redoxstate{n, x} = {0, 1} if theproteinisin its referencestate,. e.,all titratablegroupsarein
its referencegprotonationform; dg is oneif the electrontransfertook place,otherwiseit is O.

Togethewith Bjorn RabensteimndErnst-Walter Knapp,| appliedeq4.59to calculatethe
redoxpotentialdifferencebetweerthe quinonesn the bacterialphotosyntheticeactioncenter
(bRC) (Rabensteiret al., 1998b; Rabensteiret al., 1998a). In our calculationswe usedthe
crystal structureof the bRC from Rps.viridis with a resolutionof 2.3 A (Deisenhoferet al.,
1995; PDB entry 1prc). Sincethe cytochromec sulunit is more than 25 A away from the
guinonebindingsites,we neglectedthis sulunit in our calculations.

All water molecules sulfateions, and detegentmoleculeswereremoved. The influence
of waterwas consideredexclusively by a dielectric constantof 80 in cavities and outsideof
the protein. In somerecentapplicationsselectedvatermoleculesvereexplicitly includedin
pK g-calculations(Cometta-Moriniet al., 1993; Sampogna Honig, 1994; Gibas& Subra-
maniam,1996; Ullmannet al., 1996). Thesecalculationsyieldedsometimesesultsdifferent
from thoseobtainedwithout explicit watermolecules.Differentselectionschemegor the wa-
ter moleculeswere applied. Only a few crystalwatermoleculesall crystalwater molecules,
or evenadditionalsolventmoleculesvereincluded. For henegg lysozyme the agreemenbe-
tweencalculatecandmeasuregK g-valueswasbetterwithout explicit watermoleculeqGibas
& Subramaniam]1996). Calculationswithout explicit water may agreebetterwith experi-
mentsbecausehe orientationof water moleculesneededor thesecalculationss not known
from X-ray crystallography Sincethe orientationof watermoleculess uncertainwe decided
to remove all watermolecules.We usedan extendedatomrepresentatiofor mostnon-polar
hydrogenatoms,exceptfor the quinonesthe chlorophylls,andthe pheophytinsfor which all
hydrogensveretreatedexplicitly. Coordinate®f explicitly treatechydrogeratomsweregener
atedwith CHARMM (Brooksetal., 1983). Thepositionsof hydrogeratomswereenepetically
optimized,while theheary atompositionswerefixed.

In theusedcrystalstructurethe Qg bindingpocketis occupiedo 30% only (Deisenhofeet
al., 1995). A structurewith improvedoccupang andresolutionat the Qg site hasbeensolved
but wasnotfreely availablewhenwe did thecalculation§Lancaste& Michel, 1996;Lancaster
etal., 1995). Therefore,we manipulatedhe bRC structure(PDB entry 1prc) at the Qg site
accordingto informationsfrom Lancastertal. (Lancaste& Michel, 1996; Lancasteret al.,
1995). We rotatedQg aroundthe axis throughthe methyl group at the quinonering thatis
perpendiculato thering plane,sothatthe methoxygroupoppositeto the methylgroupshifted
by 0.75A towardsSerL223. Furthermoreghe carboxylgroupof Glu L212 wasrotatedby 9¢°
aroundthebondbetweerC, andCs.

Atomic partialchagesof theaminoacids,includingthe protonatecanddeprotonatedtate
of titratableaminoacids,wereadoptedrom the CHARMM 21.3parameteset. Theacidic hy-
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drogenatom of protonatedglutamateand aspartatenvas not representeaxplicitly. Instead,
appropriatechages at the two carboxyl oxygenatomswere assignedsymmetrically The
atomicpartialchagesthatarenotincludedin the CHARMM 21.3parametesetwerecalculated
guantum-chemicallwith theprogramSpartard.0. Usingthe CHEL PG-like method(Breneman
& Wiberg, 1990)implementedn Spartanwe adjustedhe atomicpartial chagesto represent
the electrostatigotentialcalculatedrom the molecularwave functionfaithfully . The atomic
partial chagesof chlorophyllsand pheophytinsvere calculatedsemiempiricallyat the PM3
level, thoseof the quinoneg(in all possibleredoxand protonationstates)and of the deproto-
natedcysteinewere calculatedoy an ab-initio methodwith a 6-31G** basisset. The atomic
partialchagesof high-spinnon-hemearon (Karthaetal., 1991)andits ligandswerecalculated
by a densityfunctionalmethod(LSDA/VWN) implementedn Spartarusingthe DN** basis.
The neurosporemndtheisopreneails of Qx andQg, chlorophyllsandpheophytinaverenot
consideredn the quantumchemicalcalculations. The atomic partial chagesof theseapolar
groupsweresetto zeroin the calculationsof the electrostatieenegy. The experimentalpK -
valuesweretakenfrom Bashfordetal., 1993. For cysteine whichis not presenin the protein
studiedby Bashfordetal., 1993,we useda pK g-valueof 8.5for themodelcompound.

We performedocusing(Klapperetal., 1986)in threesteps Initially, we useda 250A-cube
with a2.5A lattice spacingcenteredatthe protein, followedby a 60 A-cubewith a1.0A lattice
spacingandfinally a 15 A-cubewith 0.25A lattice spacing,both centerecdht the considered
titratablegroup. We usedan ionic strengthof 100 mM, anion exclusionlayer of 2 A, and
a solvent proberadiusof 1.4 A. The dielectricconstaniin the proteinwassetto €, = 4, the
dielectric constantof the solventwas setto s = 80. Theseparametewvaluesare similar to
thoseusedby Bashford,1991 and alsoto thoseusedin earlier calculationsinvestigatingthe
protonatiorof thebRC (Berozaetal., 1995;Lancasteetal., 1996).We ngglectedtheinfluence
of themembranesincecalculationnthemembrang@roteinbacteriorhodopsiwith (Bashford
& Gerwert,1992)andwithout(Sampogn& Honig,1994)amembranenodelyieldedbasically
thesameresults.

The thermodynami@verageover all possibleprotonationstatescannot be calculatedex-
actly sincethe numberof possibleprotonationstatesof the bRC (2" with n = 200)is far too
large. Insteadwe useda MetropolisMC methodjmplementedn theprogramMcTI (Berozaet
al., 1991). The statisticaluncertaintyof this methodcanbe estimatedy evaluatingthe proto-
nationcorrelationfunctionfor eachindividualtitratablegroup.To improve samplingefficiency,
titratablegroupscoupledstrongerthan 1.5 pK g-units changedheir protonationstatesimulta-
neouslyin oneMC move (Berozaet al., 1991). SuchsimultaneousMC movesweredonein
additionto simpleMC moves.In theunprotonatedtateof histidinetwo tautomersrepossible.
Bothwereconsideredn our calculationgBashfordetal., 1993).Hencewe couldcalculatethe
fractionof e- andd-tautomerf histidines.

The protonationstatesof all titratablegroupsof the bRC were calculatedseparatelyfor
eachof the ten possibleprotonationandredoxstatesof the quinonepair. Arginine, aspartate,
cysteine,glutamate histidine, lysine, tyrosine,andthe C- and N-terminus,if not formylated,
were consideredastitratablegroups. The histidinescoordinatingthe magnesiumons of the
chlorophyllsandalsothe glutamateandthe histidinescoordinatinghenon-hemearon werenot
consideredastitratablegroups. Explicit water moleculeswere not includedand hencewere
not consideredastitratablegroups. Their pKa-valuesin aqueoussolutionare with -1.7 and
15.7 ratherextreme. We did not expectthat the proteinis ableto stabilize H3O™ or OH™
ions. Althoughionizedwater moleculesmay participateastransientstatesin proton-transfer
reactionstheir presencen equilibriumstateswhich we investigatedis unlikely. In total 194
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titratablegroupswereincludedin the calculations.

TheMC samplingwasdoneatpH 7.5and300K. OneMC scancomprisesasmary random
individual protonatiorchange¢MC moves)astherearetitratablegroupsconsideredWe did at
first 3000MC scans.Thenwe fixedthe protonatiorof all groupswhoseprotonatiorprobability
differedfrom unity or zeroby lessthan108 in their respectre protonatiorstateandexcluded
thesegroupsfrom furtherMC sampling.With thisreducedsetof titratablegroupswe performed
another7000MC scans.This moreefficient MC methodis alsoimplementedn the program
McTI. The samplingwassufficient to reacha standarddeviation of lessthen0.01 protonsat
eachindividualtitratablegroup. In generalthe standarddeviation of a singlegroupwasmuch
smallerthan0.01. The sumof the standarddeviationsof all protonationprobabilitieswasfor
eachstateabout0.02protons.

Continuumelectrostatienethodsarecapablégo yield reliablevaluesmerelyfor enegy dif-
ferencesn differentelectrostatie@nvironments.For thatreasonpur calculationrequiredpK g-
valuesandredox potentialsof menaquinon€MQ) andubiquinone(UQ) in aqueoussolution
asreferencdor computingthereactionenepy of electron-transfeandprotonatiorreactionsn
the bRC.MQ andUQ, however, arenot solublein purewater Swallow (Swallow, 1982)and
Morrisonetal. (Morrisonetal., 1982)extrapolatedhe pK g-valuesof the quinonedrom pKa-
valuesof watersolublequinonedervativestakinginto accounthe effect of differentquinone
ring substituent®n the pKa-value. TheresultingpK g-valuesare4.9for UQ—/UQH and11.7
for UQH~/UQH>.

Redox potentialsof quinonescan not be measuredn a protic solvent, since a reduced
quinonewill inevitably take up a proton. Redoxpotentialsin aprotic solvents,however, are
known; MQ/MQ-~ in DMF (dimethylformamide):-709 mV, UQ/UQ~ in DMF: -602 mV
(Princeetal., 1983),andUQ —/UQ?" in acetonitrile:-1450mV (Morrisonetal., 1982).

We correctedheredoxpotentialsof the quinonesobtainedn non-agueousolutionsto get
redoxpotentialsin aqueoussolutionsby accountingor the differentsolvation enegiesin the
respectre solvents. For that purpose,we calculatedthe enegy for dissolvingthe quinones
in their differentredox statesin water acetonitrile,and DMF by the continuumelectrostatic
method(Sitkoff etal., 1994). In the calculationsthe following solventparametersvereused:
Thedielectricconstant@ree = 80 for water € = 38 for acetonitrileande = 37 for DMF. The
solventradii are1.4 A for water 2,0A for acetonitrileand2.8 A for DMF. Finally we obtained
the following redox potentialsof the quinonesin aqueoussolution: -699 mV for MQ/MQ~,
-592mV for UQ/UQ —, and-1420mV for UQ —/UQ?*".

Titratablegroupsthat have a protonationprobability of lessthan 0.05 or morethan 0.95
afterMC titrationin all consideredRC statesareassumedo contrilbuteto thethermodynamic
averageonly in their totally deprotonatedr protonatedstate respectrely. Thereforewe fixed
thosetitratablegroupsin thetotally deprotonatedr protonatedtateanddid not considetthem
astitratablegroupsin subsequertalculations Only five titratablegroupshadvariableprotona-
tionsatpH 7.5accordingo thiscriterion. Thesaesidueareaspartaté182 andtheglutamates
H45,H177,H234,andM76. To testwhetherfixing the protonationstateof nearlycompletely
protonatedor unprotonatedesiduess justifiable, we repeatedhe calculationof protonation
patternsstatewith this reducedsetof unfixedtitratablegroups.Thedifferencebetweerthepro-
tonationprobability in this calculationandthe calculationwith thefull setof titratablegroups
waslessthan0.05for eachof thefive residueswith variableprotonations.

We calculatedhe enegy of the protonationreactionsof Qg by the continuumelectrostatic
methoddescribedn Section4.3. In additionto the five titratable groupswith variablepro-
tonations,Qg wasalsoconsideredastitratablegroup. Sincethe numberof variabletitratable
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groupwassmallin this application.No MC samplingwasnecessarandthe thermodynamic
averagecould be calculatedexactly. The exactevaluationof the thermodynami@veragepre-
ventssamplingproblems,which may occurwith MC samplingif the protonationenepgy of
Qg is too large. The protonationenegy wasobtainedfrom the protonationprobability Qg by
usingeq4.13. Thereactionenegy of electrontransferfrom Qa to Qg wasobtainedby using
eqs4.59,4.2,and4.13. Theresultsof the calculationon the bRC quinonesaresummarizedn
Sectionb5.2.

4.5.3 Protein-Protein AssociationEquilibrium

Measurementen protonuptale or releaseuponassociatioror reductionof proteinshave fre-
guently beenusedto determinethe pH dependencef associatiorconstant{Wyman, 1964;
Lebawitz & Laskowski, 1962;Mauketal., 1991;Mauketal., 1994;vanVlijmen etal., 1998),
of redoxpotentialyMcPhersoretal., 1988;Berozaetal., 1995),andof unfoldingfreeenepies
(Tanford,1970;Yang& Honig,1993;Schaefeetal., 1997). The methodusedin thesestudies
is basedntheso-calledoroton-linkage modelthatrelateshe pH dependencef anequilibrium
constanto the protonreleasaiponthis reaction(Laskowski & Finkenstadt,1972). The proton
linkagemodelcanalsobe usedto determinethe pH dependencef the free enegy changeof
conformationatransitionsandthe pH dependencef redoxreactions.Thefree enegy change
uponareactioncanhowever not be calculatedoy the protonlinkagemodel.

The associatiorbetweentwo moleculesis describedoy eq4.60, whereKa representshe
associatiorconstant.

AR _ [AB]
A+ B = AB; Ka AJ[B] (4.60)
ThemoleculesA, B, andAB involvedin thatreactioncanexistin La, Lg, andLag protonation
statesrespectrely. Thetotal concentratiorof eachspeciess thengivenby the sumover all
possibleprotonatiorstates.Thereforeeq4.60wasrewrittenandresultedn eq4.61(Laskowski
& Finkenstadt1972),
Lag
> [ABi]
Ka = ﬁ (4.61)
> [Ai] 3 [Bi]
i=0 i=0

where[Aj], [Bi], and[AB;] denotethe concentratiorof A, B, andAB in therespectre protona-
tion statei. Becausehe concentration§A;], [Bi], and[AB;]| dependn pH, Ka depend®n pH.
This approacheadsfinally to eq4.62,wherea representthe numberof protonsreleasedipon
association.

pH>
I9Ka(PHz) =IgKa(pHy) + [ a dpH (4.62
pH1
This equationstateshatif the associatiorconstanta(pHs) at pH; is known, the association

constantka(pH) at pHy canbe obtainedsimply by integrating over the numberof protons
releasediponassociationA detailedderivationof eq4.62is givenin SectionA.
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Alternatiely to the protonlinkage model,the absolutepH dependenfree enegy change
upon associatiorcan be calculatedby an approachsimilar to that outlinedin Section4.5.1.
This approaclwould however alsorequirethe computatiorof the freeenegy of associationn
adefinedreferencestate.Sucha computations, however, fairly difficult.



