
Chapter 3

Titration

In this chapter, I will describeseveralmethodsandapplicationsof calculatingthetitration behavior
of proteins,i. e. theprotonationprobabilityof eachof their titratablegroupsat differentpH values.
Togetherwith titratablegroups,alsoredoxgroupsaretreatedhere,sinceredoxtitration is in principle
very similar to conventionalpH titration. The chapterstartswith the titration of single, rigid pro-
tein structuresandproceedswith differentmethodsof introducingconformationalflexibility in the
calculations.

All methodsareillustratedby applicationsto bacterialphotosyntheticreactioncentersandmyo-
globin. The resultspresentedhereincludealsoenergeticsof electronandprotontransferreactions
andshow implicationsof protonationandconformationalchangesfor proteinfunction.

3.1 Titration of a single,rigid protein structur e

3.1.1 To be investigated:bacterial photosyntheticreactioncenters

Theinvestigationof photosyntheticproteinsis oneof themajorresearchinterestsof theKnappgroup
members(Mueggeet al., 1995;Ullmann& Kostíc, 1995;Mueggeet al., 1996;Apostolakiset al.,
1996;Ullmannet al., 1997,1997;Rabensteinet al., 1998b,1998a;Ullmannet al., 2000).Thusit
is not surprisingthatwe choseastheareaof applicationthebacterialphotosyntheticreactioncenters
(bRCs)of thepurplebacteriaRhodopseudomonas(Rps.)viridis andRhodobacter(Rb.) sphaeroides.
ThebRCsarepigment-proteincomplexesin themembraneof thepurplebacteria.They convert light
energy into electrochemicalenergy by coupling photo-inducedelectrontransferto proton uptake
from cytoplasm.Thex-ray structureof thebRCsfrom Rps.viridis (Deisenhoferet al., 1985,1995;
Lancaster& Michel, 1997,1999)andfrom Rb. sphaeroides(Allen et al., 1987;Changet al., 1991;
Ermleret al., 1994;Arnouxet al., 1995;Stowell et al., 1997)enabledamoredetailedunderstanding
of the variousfunctionalprocessesin the bRC. The presentwork dealswith the mostrecentx-ray
structuresfrom LancasterandMichel (1999)1 andStowell et al. (1997). Threepolypeptides,theL,
H, andM subunits,form theproteincomplex. CommontobothbRCsarethefollowing cofactors:four
bacteriochlorophylls, two bacteriopheophytins, onenon-hemeiron andtwo quinones.The primary
quinoneQA is amenaquinone(MQ) in thebRCfrom Rps.viridis, but aubiquinone(UQ) in thebRC
from Rb. sphaeroides. ThesecondaryquinoneQB is aUQ in bothtypesof bRC.Thestructureof the
bRCfrom Rps.viridis containsasanadditionalcofactora carotenoid,which is missingin theR-26
strainusedfor thestructureof thebRCfrom Rb. sphaeroides. A four-centerc-typecytochromewith

1Actually, partially theresultsin this work arebasedonanotherstructureof thebRCfrom Rps.viridis. Wederivedthis
structurefrom thecoordinatesof Deisenhoferet al. (1995),but it resemblescloselythemorerecentstructureof Lancaster
andMichel (1999)(for detailsseeRabensteinet al. (1998b)andRabensteinandKnapp(2000b)).Severaltestcalculations
showedthatbothstructuresyield extremelysimilar results.
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four hemesascofactorsis tightly boundto the bRC from Rps.viridis (Figure3.1), but missingin
Rb. sphaeroides. Thecofactorsarearrangedin thetwo branchesA andB relatedby a C2 symmetry
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Figure 3.1: Cartoonof the bRC from Rps.viridis togetherwith the membranecomplex
cytochromebc1 andthesolublecytochromec2 (Stroop,1993)

andextendfrom thespecialpair to thequinones.Only theA-branchis electron-transferactive. Its
cofactorsarepredominantlyembeddedin the L subunit. Electronicexcitationof thespecialpair, a
bacteriochlorophylldimer, inducesa multi-stepelectrontransferprocessfrom thespecialpair to the
primaryquinoneQA. Fromtheretheelectronmovesto thesecondaryquinoneQB. After this initial
reaction,a secondelectrontransferfrom QA to QB andtwo protonationsof QB follow, resultingin
a dihydroquinoneQBH2. Thedihydroquinoneleavesits bindingsiteandis replacedby anoxidized
UQ from thequinonepool (seeFigure3.6 on page49). The temporalorderof thesereactionswas,
however, alongtimenotcompletelyresolved(for areview seeOkamuraandFeher(1992)).Recently,
Graigeet al. (1996)proposedseveralmodelsfor thecouplingof theprotonationof QB to theelectron
transferbetweenQA andQB. Basedon their kinetic data,they favoredeithera mechanismin which
the secondelectrontransferto QB occursin a concertedmannerwith the first protonationof QB

or a mechanismin which the first protonationof QB precedesthe secondelectrontransfer. This
hypothesis,which seemsto be well establishedin the meantime,was supportedalso by our own
work (Rabensteinet al., 1998b)as reportedlater in this chapter. As an additionalcomplication,
thedihydroquinoneQBH2 hastwo acidicprotons,oneat thequinoneoxygenatomproximateto the
non-hemeiron (nearHis-L190),theotherat thequinoneoxygenatomdistantfrom thenon-hemeiron
(nearSer-L223). Thus,therearetwo possibilitiesfor the first protonationof QB, which werealso
discussedin ourwork (Rabensteinet al., 1998b).

In thecenterof our interestaretheprotonationandredoxreactionsof thetwo quinones.By using
themethodsdescribedin thenext section,we wantto investigatethecouplingbetweentheelectron-
transferreactions(of thequinones)andtheprotonationreactions(of thequinonesaswell asof the
remainingtitratablegroups)in thebRC.Wedothismainlyfor thebRCfrom Rps.viridis. Onthebasis
of thelight-exposedandthedark-adaptedx-ray structuresof thebRCfrom Rb. sphaeroides(Stowell
et al., 1997),we studyanotherinterestingfeatureof thefirst electrontransferfrom Q� �

A to QB. The
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rateof this electrontransferat low temperaturesis dramaticallyincreasedin bRCfrozenunderillu-
minationcomparedto bRCfrozenin thedark(Kleinfeld et al., 1984b).This effect suggeststhatthe
dark-adaptedandthelight-exposedbRCsdiffer in their conformation,andthedark-adaptedstatehas
to undergoaconformationalchangebeforeelectrontransfercantakeplaceefficiently. Thisconforma-
tionalchangemayoccurmuchslower thantheelectrontransfer, whichwould leadto conformational
gatingof thereaction(Davidson,1996).Conformationalgatingoccursalsoin otherelectrontransfer
proteins(Zhou& Kostíc, 1993)andwasproposedfor thebRCon thebasisof a driving forceassay
(Graigeet al., 1998).Indeed,thex-raystructure(Stowell et al., 1997)of thedark-adaptedbRCfrom
Rb. sphaeroidesshows thatQB is displacedby approximately5Å andhasundergonea180

�
propeller

twist comparedto thestructureof thelight-exposedbRC(Figure3.2). Thebindingsiteof QB in the
dark-adaptedbRCis referredto asthedistalbindingsite(with respectto thenon-hemeiron), whereas
thebindingsiteof QB in thelight-exposedbRCis referredto astheproximalbindingsite. Thegoal
of our work is to investigatetheconformationalgatinghypothesisandto understandhow theprotein
accomplishestheconformationalgating.

3.1.2 Methods

3.1.2.1 Preparation of structures

In our calculations,we usedthe dark-adaptedand light-exposedx-ray structuresof the bRC from
Rb. sphaeroides(Stowell et al., 1997)with a resolutionof 2.2Å (PDB entry 1aij) and2.6Å (PDB
entry1aig), respectively, andthex-ray structureof thebRCfrom Rps.viridis (Lancaster& Michel,
1999)with aresolutionof 2.45˙Å (PDBentry2prc).Weconsideredonly thefirst reactioncenterin the
unit cell of thestructuresfrom Rb. sphaeroides(H, L, andM chaintogetherwith their cofactors)and
ignoredtheother(N, O,andPchainin 1aig,R,S,andT chainin 1aij). Sincethecytochromec subunit
in thestructurefrom Rps.viridis is morethan25Å awayfrom thequinonebindingsites,weneglected
this subunit in our calculations. All water molecules,sulfate ions, and detergent moleculeswere
removedfrom all usedx-raystructures.Theinfluenceof waterwasconsideredexclusively by ahigher
dielectricconstantin theresultingcavities andoutsidetheproteinasdescribedin chapter1. In some
recentapplications,selectedwatermoleculeswereexplicitly includedin pKa-calculations(Cometta-
Morini et al., 1993;Sampogna& Honig, 1994;Gibas& Subramaniam,1996). Thesecalculations
yieldedresultsdifferent from thoseobtainedwithout explicit watermolecules.Differentselection
schemesfor thewatermoleculeswereapplied.Only a few crystalwatermolecules,all crystalwater
molecules,or evenadditionalsolventmoleculesplacedby modelingprocedureswereincluded.For
henegg lysozyme,the agreementbetweencalculatedandmeasuredpKa-valueswasbetterwithout
explicit watermolecules(Gibas& Subramaniam,1996). Calculationswithout explicit watermay
agreebetterwith experimentsbecausethe orientationof watermoleculesis not known from x-ray
crystallographybut is neededfor thesecalculations. Sincethe orientationof water moleculesis
uncertain,we decidedto remove all watermolecules.We usedanextendedatomrepresentationfor
mostnon-polarhydrogenatoms,exceptfor thequinones,thechlorophylls,andthepheophytins,for
which all hydrogensweretreatedexplicitly. Polarhydrogenswerealsotreatedexplicitly, with the
exceptionof theacidichydrogensof protonatedglutamatesandaspartates,which wererepresented
by symmetricalcharge adjustmentof the two carboxyloxygenatoms(seebelow). Coordinatesof
explicitly treatedhydrogenatomsweregeneratedwith CHARMM (Brookset al., 1983).Thepositions
of hydrogenatomswereenergeticallyoptimized,while theheavy atompositionswerefixed.For this
optimization,all titratablegroupswerein theirstandardprotonation(i. e., aspartate,glutamate,andthe
C-terminiunprotonated,arginine,cysteine,histidine,lysine,tyrosineandtheN-termini protonated),
andbothquinoneswerein theiroxidized(uncharged)state.
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Figure3.2: QB bindingsiteof differentbRCstructures.Thestructuresweresuperimposed
with theKabschalgorithm(Kabsch,1976)consideringall displayedmolecularcomponents
exceptthe two quinonesandresidueL210. The QB of the dark-adaptedandlight-exposed
x-raystructuresfrom Rb. sphaeroides(Stowell et al., 1997)aredisplayedin blackandwhite,
respectively. QB from Rps.viridis (Lancaster& Michel, 1997,1999) is depictedin gray.
Residuescommonto all threestructuresaretakenfrom the light-exposedx-ray structureof
Rb. sphaeroides. Residuesfrom Rps.viridis aredenotedin bracketsif nameddifferently. If
their positiondifferssignificantly, they aredrawn in gray.
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3.1.2.2 Atomic partial charges

Atomic partialchargesof theaminoacids,includingtheprotonatedanddeprotonatedstatesof titrat-
ableaminoacids,wereadoptedfrom the CHARMM parametersetprovidedby MSI Inc. Theacidic
hydrogenatom of protonatedglutamateandaspartatewas not representedexplicitly. Instead,ap-
propriatechargeswereassignedsymmetricallyat the two carboxyloxygenatoms. (This resultsin
an atomic partial charge of -0.35 for eachof the carboxyl oxygenatom in the protonatedstate.)
Theatomicpartial charges,which arenot includedin the CHARMM parameterset,werecalculated
quantum-chemicallywith the programSpartan4.0. (Wavefunction,Inc., Irvine, CA, 1995)We fit-
ted the atomicpartial chargesto representfaithfully the electrostaticpotentialcalculatedfrom the
wave functionsusingtheCHELPG-like method(Breneman& Wiberg, 1990)implementedin Spartan
(for detailsseeRabenstein(1997)). Theatomicpartial chargesof chlorophyllandpheophytin(Fig-
ure3.4) werecalculatedsemiempiricallyat thePM3 level, thoseof thequinones(Figure3.3) in all
consideredredoxandprotonationstates,andof the deprotonatedcysteinewerecalculatedab initio
with theHartree-Fock methodusinga6-31G** basisset.Theatomicpartialchargesof thehigh spin
non-hemeiron (Karthaet al., 1991)andits ligandswerecalculatedby a densityfunctionalmethod
(LSDA/VWN) implementedin SpartanusingtheDN** basis.Thecalculatedpartial chargesof the
iron centerandthetwo quinonesarelistedin Tables3.1 to 3.4.

The carotenoidand the isoprenetails of the quinones,chlorophyllsandpheophytinswere not
consideredin thequantumchemicalcalculations.Theatomicpartialchargesof theseapolargroups
weresetto zero.
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Figure3.3: Atom namesusedfor MQ andUQ in Tables3.1and3.2.

3.1.2.3 The energy of a protonation state

Theenergy Gn of a protonationstaten of a protein,which is characterizedby theprotonationstate
vector

�
xn

� �
xn

1 � xn
2 �������	� xn

N 
 , is givenby eq3.1(Bashford& Karplus,1990,1991;Berozaet al., 1991;
Yanget al., 1993;Beroza& Fredkin,1996;Antosiewicz et al., 1996;Ullmann& Knapp,1999).
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Table 3.1: Atomic partial charges for menaquinone(MQ), calculatedab initio by the
Hartree-Fock method. Atom namesare adoptedfrom PDB-standardgiven in Figure 3.3.
Hydrogenatomsarenamedaccordingto their respectiveheavy atoms.

atom MQ � � MQ

C-1 0.35 0.54
O-1 -0.60 -0.50
C-2 -0.04 0.11
C-2M -0.14 -0.33

3 H-2M 0.05 0.11
C-3 -0.32 -0.40
C-4 0.45 0.68
O-4 -0.63 -0.51
C-5 -0.08 -0.18
C-6 -0.10 -0.05

H-6 0.11 0.12
C-7 -0.17 -0.12

H-7 0.10 0.14
C-8 -0.19 -0.14

H-8 0.10 0.14
C-9 -0.08 -0.06

H-9 0.10 0.13
C-10 -0.07 -0.10
C-11 0.25 0.33

2 H-11 0.00 0.01
C-12 -0.43 -0.48

H-12 0.19 0.20
C-13 0.18 0.20
C-14 -0.33 -0.27

3 H-14 0.07 0.08
C-15 -0.03 -0.20

3 H-15 0.00 0.06
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Table3.2: Atomic partialchargesfor ubiquinone(UQ), calculatedab initio by theHartree-
Fock method.Atom namesareadoptedfrom PDB-standardgiven in Figure3.3. Hydrogen
atomsarenamedaccordingto their respectiveheavy atoms.

atom UQ2 � UQ� � UQ UQH �prox� UQH�dist � UQ� Hprox� UQ� Hdist � UQH2

C-1 0.45 0.52 0.65 0.55 0.23 0.54 0.27 0.26
O-1 -0.82 -0.62 -0.47 -0.73 -0.59 -0.42 -0.54 -0.54

H-1 — — — — 0.37 — 0.41 0.41
C-2 -0.11 -0.12 -0.15 -0.15 -0.02 -0.04 0.04 -0.02
O-2 -0.36 -0.30 -0.27 -0.28 -0.32 -0.28 -0.34 -0.32
C-M2 0.26 0.12 -0.02 0.03 0.09 0.06 0.11 0.15

3 H-M2 -0.03 0.02 0.07 0.04 0.03 0.05 0.04 0.03
C-3 0.06 0.13 0.26 0.11 -0.01 0.16 0.08 0.09
O-3 -0.37 -0.33 -0.33 -0.32 -0.30 -0.34 -0.27 -0.30
C-M3 0.18 0.04 0.12 0.11 0.01 0.08 -0.06 0.05

3 H-M3 -0.01 0.04 0.04 0.02 0.04 0.05 0.08 0.05
C-4 0.26 0.28 0.38 0.06 0.35 0.10 0.38 0.10
O-4 -0.79 -0.57 -0.45 -0.57 -0.69 -0.52 -0.39 -0.54

H-4 — — — 0.37 — 0.41 — 0.41
C-5 -0.20 -0.03 0.15 0.11 -0.02 0.24 0.03 0.14
C-M5 0.21 -0.01 -0.30 -0.12 -0.14 -0.40 -0.27 -0.24

3 H-M5 -0.06 0.01 0.11 0.04 0.04 0.13 0.10 0.09
C-6 -0.41 -0.42 -0.42 -0.56 -0.44 -0.50 -0.31 -0.36
C-7 0.37 0.39 0.28 0.49 0.56 0.54 0.39 0.43

2 H-7 -0.04 -0.04 0.01 -0.06 -0.09 -0.06 -0.03 -0.04
C-8 -0.45 -0.50 -0.47 -0.55 -0.51 -0.52 -0.47 -0.52

H-8 0.20 0.21 0.18 0.24 0.22 0.20 0.19 0.21
C-9 0.16 0.26 0.28 0.25 0.22 0.20 0.21 0.29
C-10 -0.05 -0.16 -0.26 -0.21 -0.18 -0.07 -0.10 -0.30

3 H-10 0.02 0.07 0.10 0.05 0.05 0.10 0.09 0.08
C-11 -0.24 -0.38 -0.35 -0.24 -0.26 -0.33 -0.35 -0.30

3 H-11 -0.01 0.03 0.07 0.04 0.04 0.03 0.03 0.08
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Table3.3: Partial chargesof the non-hemeiron centercalculatedby a densityfunctional
(DFT) method. Chargesof carbonboundhydrogenshave beenaddedto the charge of the
respectivecarbonatom.

atom charge atom charge atom charge
His-L190: His-M264: Glu-M232:
C-β -0.01 C-β 0.00 C-β -0.09
C-γ 0.28 C-γ 0.22 C-γ 0.18
C-δ2 -0.15 C-δ2 -0.16 C-δ 0.46
C-ε1 0.07 C-ε1 0.01 O-ε-1 -0.37
N-δ1 -0.32 N-δ1 -0.28 O-ε-2 -0.43
H-δ 0.38 H-δ 0.37
N-ε2 0.14 N-ε2 0.24
His-M217: His-L230:
C-β 0.00 C-β -0.01 Fe -0,28
C-γ 0.27 C-γ 0.23
C-δ2 -0.15 C-δ2 -0.12
C-ε1 0.15 C-ε1 0.05
N-δ -0.38 N-δ1 -0.33
H-δ1 0.38 H-δ 0.39
N-ε2 0.11 N-ε2 0.15
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Figure3.4: Atom namesusedfor bacteriochlorophyll-bandbacteriopheophytin-bin Ta-
ble3.4.
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Table3.4: Atomic partialchargesfor bacteriochlorophyll-bandbacteriopheophytin-b,cal-
culatedby thesemiempiricPM3method.Atom namesareadoptedfrom PDB-standardgiven
in Figure3.4.Hydrogenatomsarenamedaccordingto their respectiveheavy atoms.

atom chlorophyll pheophytin atom chlorophyll pheophytin
Mg 0.10 — C-MA 0.01 0.00
N-A 0.11 -0.49 3 H-MA 0.01 0.01
C-HA -0.22 0.11 C-MB 0.11 -0.02
C-1A 0.03 -0.02 3 H-MB -0.01 0.03
C-2A 0.10 0.14 C-MC -0.05 -0.09

H-2A 0.05 0.06 3 H-MC 0.02 0.03
C-3A -0.04 -0.22 C-MD -0.03 0.05

H-3A 0.06 0.07 3 H-MD 0.03 0.01
C-4A -0.10 0.56 C-AA -0.13 0.06
N-B 0.12 -0.50 2 H-AA 0.09 0.02

H-B — 0.36 C-BA -0.21 -0.30
C-HB -0.20 -0.65 2 H-BA 0.08 0.10

H-HB 0.19 0.21 C-GA 0.77 0.79
C-1B -0.05 0.44 O-1A -0.53 -0.54
C-2B -0.16 -0.04 O-2A -0.42 -0.43
C-3B -0.32 -0.39 C-1 0.15 0.19
C-4B -0.02 0.40 2 H-1 0.01 0.01
N-C 0.01 -0.35 C-AB 0.65 0.79
C-HC -0.07 -0.46 C-BB -0.14 -0.41

H-HC 0.20 0.17 3 H-BB 0.04 0.11
C-1C -0.19 0.28 O-BB -0.57 -0.52
C-2C 0.24 0.17 C-AC -0.18 -0.11

H-2C -0.01 0.02 H-AC 0.08 0.07
C-3C -0.12 -0.22 C-BC 0.11 0.08
C-4C 0.05 0.17 3 H-BC 0.00 0.00
N-DB 0.01 0.52 C-AD 0.81 0.89

H-D — -0.01 O-BD -0.52 -0.55
C-HD -0.13 -0.20 C-BD -0.73 -0.80

H-HD 0.18 0.20 H-BD 0.29 0.30
C-1D -0.06 -0.25 C-GD 1.04 0.98
C-2D 0.18 0.05 O-1D -0.57 -0.53
C-3D -0.41 -0.43 O-2D -0.50 -0.49
C-4D 0.21 -0.15 C-ED 0.19 0.27

3 H-ED 0.00 -0.02
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Dependingon the groupµ, which canbe protonatedor unprotonated,xn
µ adoptsthe values1 or 0,

respectively.
�
xo is the protonationstatevectorof the so-calledreferencestate,whereall titratable

groupsarein their unchargedprotonationstate,i. e. xo
µ is 1 if µ is an acidand0 if µ is a base.The

sumsrun over all N titratablegroups. pKintr � µ is the so-calledintrinsic pKa value of the groupµ,
i. e. the pKa valueof groupµ whenall othertitratablegroupsarein the referencestate.Wµν is the
electrostaticinteractionenergy of thegroupsµ andν if botharecharged.pKintr andthesymmetrical
W-matrixarebothcalculatedby solvingthePBEonagrid (Warwicker& Watson,1982)asdescribed
in chapter1. For doing this, we usedthe programMEAD (Bashford& Gerwert,1992; Bashford,
1997).

Table3.5: Groupsconsideredastitratablewith thepKa valuesof their modelcompounds.
Thehemepropionateis neededin section3.3.

Titratablegroup Model compoundpKa Reference

Arginine 12.0 NozakiandTanford(1967)
Aspartate 4.0 NozakiandTanford(1967)
Cysteine 9.5 NozakiandTanford(1967)
Glutamate 4.4 NozakiandTanford(1967)
δ-Histidine 7.0 Tanokura(1983)
ε-Histidine 6.6 Tanokura(1983)
Lysine 10.4 NozakiandTanford(1967)
Tyrosine 9.6 NozakiandTanford(1967)
C-terminus 3.8 NozakiandTanford(1967)
N-terminus 7.5 NozakiandTanford(1967)
Hemepropionate 4.8 MooreandPettigrew (1990)

In moredetail,thisprogramis performingthefollowing steps:� For eachtitratablegroup, the programconstructsa model compound,whosepKa valuesis
experimentallyaccessible(Table3.5). Thismodelcompoundis thetitratablegroupin solution
isolatedfrom theremainingmolecule,but with thesameconformationasin theprotein.In the
caseof aminoacidsastitratablegroups,themodelcompoundis theN-formyl N-methylamide
derivative of therespective aminoacid.� The programcalculatespKintr � µ as a differenceto theseexperimentalmodel compoundpKa

valuespKmod� µ:

pKintr � µ � pKmod� µ � ∆∆Gµ

RTln10
(3.2)

∆∆Gµ consistsof two contributions, the Born energy ∆∆GBorn
µ andthe energy of interaction

with otherchargesthanthoseof thetitratablegroupµ, ∆∆Gback
µ :

∆∆Gµ
� ∆∆GBorn

µ � ∆∆Gback
µ (3.3)� For eachtitratablegroup,thePBEis solvedfour times,to gettheelectrostaticpotentialcaused

by thechargesof theprotonatedmodelcompoundφmod� p
µ , of thedeprotonatedmodelcompound

φmod� d
µ , of theprotonatedtitratablegroupwithin theproteinφin � p

µ , andof thedeprotonatedtitrat-
ablegroupwithin theproteinφin � d

µ .
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µ and∆∆Gback

µ arenow calculatedaccordingto thefollowing equations,wherethefirst
sumrunsover all atomsm of thetitratablegroupµ with chargeqp

m in theprotonatedandqd
m in

theunprotonatedstate,andthesecondsumrunsoverall remainingatoms j with chargeq j .

∆∆GBorn
µ

� 1
2∑

m
qp

m � φin � p
µ

� �
rm 
 
 φmod� p

µ

� �
rm 
�� 
 qd

m � φin � d
µ

� �
rm 
 
 φmod� d

µ

� �
rm 
�� (3.4)

∆∆Gback
µ

� ∑
j

q j � φin � p
µ

� �
r j 
 
 φin � d

µ
� �
r j 
 
 φmod� p

µ
� �
r j 
�� φmod� d

µ
� �
r j 
 � (3.5)

Thegrid artifact,which occursin eq3.4dueto thedivergentself energy (seesection1.1.2.3),
cancelssinceit is equalin thefirst andsecondtermof eq3.4.This is warrantedby creatingthe
modelcompoundwith thesameconformationandthesamepositionrelative to thegrid asthe
titratablegroupin theprotein.� Wµν, i. e. the electrostaticinteractionenergy of the titratablegroupsµ andν is calculatedac-
cordingto thefollowing equation,wherethesumrunsoverall atomsn of thetitratablegroupν.

Wµν
� ∑

n
� qp

n 
 qd
n � � φin � p

µ
� �
rn 
 
 φin � d

µ
� �
rn 
 � (3.6)

ThePBEwassolvedusinga three-stepgrid-focusingprocedure(seesection1.1.2.2)with astart-
ing grid resolutionof 2.5Å, an intermediategrid resolutionof 1.0Å, anda final grid resolutionof
0.3Å. We usedan ion exclusionlayer of 2 Å, anda solvent proberadiusof 1.4 Å. For thesolvent,
we useda dielectricconstantof ε � 80 anda ionic strengthof 100mM. The dielectricconstantin
theproteinwassetto εp

� 4. Theseparametervaluesaresimilar to thoseusedin earliercalculations
investigatingtheprotonationof thebRC(Berozaet al., 1995;Lancasteret al., 1996). (For a more
extensive discussionseesection3.2.3.5.)We neglectedthe influenceof themembrane,sincecalcu-
lationson the membraneproteinbacteriorhodopsinwith (Bashford& Gerwert,1992)andwithout
(Sampogna& Honig,1994)amembranemodelyieldedbasicallythesameresults.Weaccountedfor
theδ andε tautomersof histidineby consideringhistidinesasdoublesitesasdescribedby Bashford
et al. (1993).

3.1.2.4 Calculation of protonation probabilities by MC titration

Theprotonationprobability � xµ � of thegroupµ canbecalculatedby evaluatingthe thermodynamic
averageoverall 2N possibleprotonationstatesn givenby eq3.7,

� xµ � � 2N

∑
n� 1

xn
µexp

� 
 Gn � RT 

2N

∑
n� 1

exp
� 
 Gn � RT 
 (3.7)

This thermodynamicaveragecannotbe calculatedexactly in general,sincethe numberof possible
protonationstatesis often far too large(2N with N � 200 for thebRC). Instead,we sampledtheset
of protonationstatesusing a Metropolis Monte Carlo (MC) method(Berozaet al., 1991). This
MC methodis implementedin theprogramKARLSBERG (Rabenstein,1999),which is describedin
appendixE.

BasedontheintrinsicpKa values,KARLSBERG guessesaninitial protonationstatevector
�
x. This

shouldpreventto startwith anextremelyrareprotonationstate,whichcouldhappenif startingwith a
randomprotonationstatevector. TheelementaryMC move is theattemptto changetheprotonation
stateof a randomlychosentitratablegroupwith subsequentevaluationof the Metropoliscriterion.
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This means,KARLSBERG comparestheenergy beforeandafter theMC move accordingeq3.1. If
the new energy is lower thanthe old energy, the move is accepted.Otherwise,it is acceptedwith
probabilityexp

� 
 ∆G� RT
 �
∆G

(0,0)
�(1,1)
�

(1,0)
�

(0,1)
�

Figure3.5: Treatmentof two stronglycoupledsitesin MonteCarlotitration calculation.If
theenergy barrierfor thetransitionfrom state(1,0) to state(0,1) via thestates(1,1)or (0,0)
is too large(solid arrows),a MonteCarlostepis performedthatsimultaneouslyswitchesthe
protonationstatesof bothsites(dashedarrow).

If two groupsarestronglycoupled,the intermediatestatebetweentwo protonationstatesmay
have a high energy and so the transitionfrom one stateto anothermight be unlikely as depicted
in Figure3.5. The problemcanbe avoided when the protonationof the two groupsareswitched
simultaneously, which cancorrespondto a direct protonexchangebetweenthesetwo groups. The
doubleswitchis acceptedaccordingto theMetropoliscriterion. If wholeclustersof titratablegroups
arestronglycoupled(which is commonif the dielectricconstantfor the protein is very low as in
section3.2), it might be necessaryto apply even triple moves(Rabensteinet al., 1998a). For the
bRC,we treatedpairsof titratablegroupscoupledby morethan3 pKa units by doublemoves,and
triplesof titratablegroups,whereat leasttwo of thepossiblethreepairsarecoupledby morethan6
pKa units,by triple moves(Rabensteinet al., 1998a).A so-calledMC scancomprisesasmany MC
stepsastitratablesinglegroups,doubles,andtriplesareavailable.

To estimatethestatisticaluncertaintyof theMC calculation,it is necessaryto calculatethenum-
ber of independentdatasetsin the sample(Berozaet al., 1991). The correlationfunction for the
protonationof groupµ determinesa correlationtime τcorr

µ betweenapproximatelyindependentmea-
surements.It is givenby

Cµ
�
τ 
 � 1

T 
 τ

T � τ � 1

∑
t � 0

xµ
�
t � τ 
 xµ

�
t 
 
 � xµ � 2 (3.8)

wheret is thetimein unitsof oneMC scan,T is thetotalnumberof scans(or themaximumtime),and
τ is thetimevariableof thecorrelationfunction.Thecorrelationtimeτcorr

µ is thetimefor whichCµ
�
τ 


becomesnegligible (for instance� Cµ
�
τ 
 � � Cµ

�
0
 � 10). Thenumberof independentmeasurementsis

T � τcorr
µ . Thevarianceof onemeasurementis Cµ

�
0
 . Theuseof theaverageof T � τcorr

µ independent
measurementsprovidesthestandarddeviation σµ givenin eq3.9.

σµ
� Cµ

�
0


T � τcorr
µ

(3.9)

TheMC samplingfor thebRCfrom Rps.viridis wasdoneat pH 7.5, thesamplingfor thebRC
from Rb. sphaeroidesat pH 7.0. The temperaturefor both samplingswas300 K. The protonation
statesof all titratablegroupsof thebRCfrom Rps.viridis werecalculatedseparatelyfor eachof the
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tenpossibleprotonationandredoxstatesof thequinonepair (column1 of Table3.6). For thebRC
from Rb. sphaeroides, we consideredonly thequinonestatesQ� �

A QB andQAQ� �
B , but calculatedboth

with thedark-adaptedaswell aswith thelight-exposedx-ray structure.Arginine,aspartate,cysteine,
glutamate,histidine,lysine,tyrosine,andtheC- andN-terminus,if not formylated,wereconsidered
astitratablegroups.Thehistidinescoordinatingthemagnesiumionsof thechlorophyllsandalsothe
glutamateandthehistidinescoordinatingthenon-hemeiron werenotconsideredastitratablegroups.

For eachMC sampling,wedid atfirst 10MC scansfor equilibrationandafterthat3000MC scans
asfor production.Thenwefixedtheprotonationof all groupswhoseprotonationprobabilitydiffered
from unity or zeroby lessthan10

� 4 in their respective protonationstateandexcludedthesegroups
from further MC sampling. With this reducedsetof titratablegroups,we performedanother7000
MC scans.Thesamplingwassufficient to reachastandarddeviationof lessthen0.01protonsateach
individual titratablegroup.In general,thestandarddeviationof asinglegroupwasmuchsmallerthan
0.01.Thesumof thestandarddeviationsof all protonationprobabilitieswasfor eachstateabout0.02
protons.

3.1.2.5 Energeticsof electron transfer and protonation of the quinones

After the calculationof protonationpatternsof the bRCswith fixed redoxandprotonationstateof
thequinones,we did additionalcomputationswherewe includedalsospecificredoxandprotonation
reactionsof the quinones. Only QB was consideredto be titratable. We calculatedthe following
protonationreactionsfor the bRC from Rps.viridis: Q� �

A Q� �
B ! Q� �

A Q�
BHdist , Q� �

A Q� �
B ! Q� �

A Q�
BHprox,

QAQBH
�
dist ! QAQBH2, QAQBH

�
prox ! QAQBH2. We did this by simply including QB as an addi-

tional titratablegroup.As modelcompoundfor QB we usedtheunmodifiedUQ in aqueoussolution.
However, UQ is not solublein purewater, so that theexperimentalpKa valueis not directly acces-
sible. Swallow (1982)andMorrisonet al. (1982)extrapolatedthepKa valuesof thequinonesfrom
pKa valuesof watersolublequinonederivatives taking into accountthe effect of differentquinone
ring substituentson the pKa value. The resultingpKa valuesare4.9 for UQ� � /UQ� H and11.7 for
UQH

�
/UQH2.

For theredoxreactions,wetreatedthequinonesasredox-activecompounds.In principle,aredox-
active groupcanbe treatedin the sameway asa titratablegroup. The titratablegroupdependson
pH value, which is replacedby the solution redoxpotentialfor a redox-active group (Ullmann &
Knapp,1999; Ullmann, 2000). Here,we considerthe two quinonesasoneextendedredox-active
groupwith two possibleredoxstatesfor eachcalculatedredoxreaction,which arethefirst electron
transferwith theinitial stateQ� �

A QB andthefinal stateQAQ� �
B , andthesecondelectrontransferto the

unprotonatedQB with thetheinitial stateQ� �
A Q� �

B andthefinal stateQAQ2 �
B . Thefirst electrontransfer

wasinvestigatedfor all bRCs,i. e. thebRCfrom Rps.viridis andthelight-exposedanddark-adapted
bRC from Rb. sphaeroides. The secondelectrontransferwasonly investigatedfor the bRC from
Rps.viridis. Thetransitionbetweenthesetwo statesdoesnot dependon thesolutionredoxpotential
sinceit correspondsto an internalelectrontransfer. This transitionwasincludedin themove setof
theMC sampling.

Themodelcompoundfor theredoxreactionsis thecoupleof quinonesin aqueoussolution. As
experimental“pKa” valuethedifferenceof redoxpotentialin aqueoussolutionis needed.However,
redoxpotentialsof quinonescannotbe measuredin a protic solvent, sincea reducedquinonewill
inevitably take up a proton. Redoxpotentialsin aproticsolvents,however, areknown; MQ/MQ � �
in DMF (dimethylformamide):-709 mV, UQ/UQ� � in DMF: -602 mV (Princeet al., 1983),and
UQ� � /UQ2 �

in acetonitrile: -1450mV (Morrison et al., 1982). We correctedthe redoxpotentials
of the quinonesobtainedin non-aqueoussolutionsto get redoxpotentialsin aqueoussolutionsby
accountingfor thedifferentsolvationenergiesin therespective solvents.For thatpurpose,we calcu-
latedtheenergy for dissolvingthequinonesin their differentredoxstatesin water, acetonitrile,and
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DMF by thecontinuumelectrostaticmethod(Sitkoff et al., 1994).In thecalculations,thefollowing
solventparameterswereused:Thedielectricconstantsareε � 80 for water, ε � 38 for acetonitrile,
and ε � 37 for DMF (Lide, 1992). The solvent radii are 1.4 Å for water, 2,0 Å for acetonitrile,
and2.8 Å for DMF. Finally we obtainedthe following redoxpotentialsof thequinonesin aqueous
solution:-699mV for MQ/MQ � � , -592mV for UQ/UQ� � , and-1420mV for UQ� � /UQ2 �

.
After MC sampling,we calculatedthe free energy differenceof the initial andfinal stateof a

certainredoxor protonationreactionby thefollowing equation:

∆G � 
 kBT ln
� x�

1 
 � x� (3.10)

where � x� and1 
 � x� aretheaverageoccupanciesof thefinal andinitial state,respectively.
If the freeenergy difference∆G is not closeto zero,theprobability � x� is closeto zeroor unity

andthusevena smallstatisticalerrorof theMC samplingleadsto a largestatisticalerrorof ∆G . To
solvethisproblem,weappliedabiasto thesamplingof thetwo redoxstates(Berozaet al., 1995).We
chosethebiasiteratively suchthattheprobability � x� reacheda valuecloseto 0 � 5, which minimized
the statisticalerror of the calculatedenergy. At the end,the biaswasremoved from the calculated
valuesto gettheoriginal result,but with astronglyreducedstatisticalerror.

3.1.3 Resultsand Discussion

3.1.3.1 Total protonation and protonation patterns

Review of experimental results. Protonuptake by wild type andmutantbRCsduring electron-
transferandprotonationreactionsof the quinoneswasstudiedexperimentallyby several research
groups(Maróti & Wraight, 1988;McPhersonet al., 1988,1993;Sebbanet al., 1995;Brzezinski
et al., 1997;Miksovskaet al., 1999).Accordingto someexperimentsmeasuringdirectly theproton
uptake (McPhersonet al., 1988;Brzezinskiet al., 1997),theprotonuptake of thewholebRCdue
to the electrontransferfrom Q� �

A to QB at pH 7.0 is closeto zero. Also the pH independenceof
the electrontransferenergy in the pH rangebetween6 and 8.5 (Kleinfeld et al., 1984a)implies
no protonuptake. Othermeasurementsof protonuptake, however, suggestan uptake of about0.5
protons(Miksovskaet al., 1999;Maróti & Wraight,1988)uponelectrontransferfrom QA to QB.

Also theprotonationbehavior of individual titratablegroupsis controversial. On onehandthere
areseveral FTIR studiessuggestingthat no significantprotonuptake of carboxylicgroupsoccurs
uponQ� �

B formationin thebRCfrom Rb. sphaeroides(Hienerwadelet al., 1995;Nabedryket al.,
1995,1998)aswell asfrom Rps.viridis (Bretonet al., 1996;Breton& Nabdryk,1998),with theonly
exceptionof Glu-L212in thebRCfrom Rb. sphaeroides, which takesup 0.3 to 0.4protons(Hiener-
wadelet al., 1995; Nabedryket al., 1995). Especially, Glu-H173 andAsp-L213 were reported
not to contribute significantly to protonuptake (Nabedryket al., 1998). On the otherhandthere
areotherstudiesonwild-typeandmutantbRCsfrom Rb. sphaeroides, investigatingelectron-transfer
rates(Paddocket al., 1997)andthepH dependentprotonuptake (Paddocket al., 1989;Takahashi
& Wraight,1992)andelectrogenicevents(Brzezinskiet al., 1997)uponQ� �

B formation. Themea-
surementsof pH dependentprotonuptake (Paddocket al., 1989;Takahashi& Wraight,1992)and
electrogenicevents(Brzezinskiet al., 1997)for thebRCfrom Rb. sphaeroidesassigna pK valueof
about9.5to Glu-L212,resultingin anessentiallyprotonatedGlu-L212atneutralpH, whichdoesnot
changeits protonationstate.Mutationstudiesimply no participationof Glu-L212 in protonuptake
at pH 7.5 andbelow (McPhersonet al., 1994;Miksovskaet al., 1996). Thediscrepancy between
theseresultsandtheFTIR studiesmayberesolvedby assuminga non-classicaltitration behavior of
Glu-L212 (Brzezinskiet al., 1997). This assumptionis reasonable,becauseGlu-L212 is part of a
stronglycoupledclusterof titratablegroups.However, thestudyof Paddocket al. (1997)suggests
that alsoat pH 7.5 Glu-L212 is alwaysprotonatedandAsp-L213is a moreprobablecandidatefor
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protonuptake. Thereasonfor thiscontradictionmaybetheuncertaintiesin interpretingexperimental
results.Especiallythecommonassignmentof measuredresultsto certainresiduesby mutationstud-
ies may be wrong if the mutationcausesunexpectedconformationalandelectrostaticeffects in the
bRC.For theFTIR studies,anotherexplanationwassuggestedonthebasisof observedIR signatures
for highly polarizablehydrogen-bondnetworks suggestingthat the protonstaken up uponquinone
reductiontendto residemoreontheboundwatermoleculesof thenetwork thanoncarboxylicgroups
themselves, which would make theminvisible for FTIR measurements(Breton& Nabdryk,1998;
Bretonet al., 1999).

Computational results. Using a continuumelectrostaticmethod,we calculatedthe protonation
patternsandthetotal protonationof thebRCfrom Rps.viridis for all possiblestatesof thequinones
asshown in Figure3.6 (page49). For thequinonestatesQ� �

A QB andQAQ� �
B , we alsocalculatedthe

protonationpatternsandthe total protonationof the light-exposedanddark-adaptedbRC structure
from Rb. sphaeroides. In contrastto theoreticalstudiesby othergroups(Berozaet al., 1995;Lan-
casteret al., 1996; Grafton& Wheeler, 1999; Alexov & Gunner, 1999),we considerednot only
thosebRC statesin which the quinonesare in different redoxstates,but also thosebRC statesin
which QB is protonated.For thebRCfrom Rps.viridis, Table3.6shows theprotonationprobability

Table3.6: Totalprotonationandsomesingle-siteprotonationsatpH 7.5.All residueswithin
a distanceof 25 Å from thequinonesandwith at least0.05protonsdeviation from standard
protonationareshown, exceptN-termini of L- andM-chainwhich arecompletelydeproto-
natedin all states.Histidinesprotonatedonly at Nε areconsideredto bein standardprotona-
tion andthereforearenot includedin thetable.

state histidine(tautomers)1 glutamate total2

of L211 M16 H45 H177 H234 L104 L212 this experimental other
quinones δ ε δ ε calculation values calculations

QAQB 0.47 0.53 0.25 0.73 0.05 0.03 0.27 1.00 0.99 0.00 0.00 0.00
Q" #A QB 0.50 0.50 0.25 0.72 0.06 0.06 0.30 1.00 0.99 0.14 0.245/ 0.346 $ 7 0.53 $ 4
QAQ" #B 0.53 0.47 0.25 0.73 0.05 0.59 0.26 1.00 1.00 0.60 0.377/ 0,906 0.73/ 0.54

Q" #A Q" #B 0.53 0.47 0.25 0.73 0.06 0.80 0.27 1.00 1.00 0.88
Q" #A Q"BHdist 0.48 0.52 0.25 0.73 0.06 0.05 0.31 1.00 1.00 1.15
Q" #A Q"BHprox 0.48 0.52 0.25 0.73 0.06 0.07 0.30 1.00 0.98 1.14

QAQ2 #B 0.58 0.42 0.24 0.74 0.05 0.99 0.25 1.00 1.00 0.97 2.64

QAQBH #dist 0.54 0.46 0.25 0.73 0.05 0.68 0.25 1.00 1.00 1.68 1.39

QAQBH #prox 0.52 0.48 0.24 0.74 0.05 0.65 0.25 1.00 1.00 1.65
QAQBH2 0.46 0.54 0.24 0.73 0.05 0.03 0.28 1.00 0.99 2.01 1.98/ 2.19

1remainingpartis protonatedat Nδ1 andN ε2
2expressedasdifferenceto thegroundstate
3Rb. sphaeroides, ref. (Berozaet al., 1995)
4Rps.viridis, ref. (Lancasteret al., 1996)
5Rb. capsulatus, ref. (Sebbanet al., 1995)
6Rb. sphaeroides, ref. (Maróti & Wraight,1988)
7Rb. sphaeroides, ref. (McPhersonet al., 1988)
8Rb. sphaeroides, ref. (McPhersonet al., 1993)
9Rb. sphaeroidesGlu-L212% Gln mutant,ref. (McPhersonet al., 1994)

of non-standardprotonatedresiduesthat arelessthan25 Å away from the quinones.Furthermore,
thedifferencebetweenthetotalprotonationof thegroundstateQAQB of thebRCandthetotalproto-
nationof therespective otherstatesarelistedin comparisonto previousexperimentalandtheoretical
values.Our resultsimply that theprotonuptake by thebRCoccurspredominantlyduringtheredox
reactionsof thequinones,whereastheprotonuptake by thebRCcoupledto theprotonationof QB is
smaller. An uptake of about0.2protonsonaveragegoesalongwith eachof thetwo reductionsof QA
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(Figure3.6on page49). With exceptionof theelectrontransferto thesingly reduced,unprotonated
QB, all electrontransfersfrom QA to QB (Figure3.6) arecoupledto anuptake of about0.5 protons
on average. The protonationof QB in the statesQ� �

A Q� �
B , QAQBH

�
dist , andQAQBH

�
prox inducesan

uptake of only about0.3protonsonaverage(Figure3.6). Thismeansthatanexcessprotonis already
partiallyavailablein theproteinmatrix,beforetheprotonationof QB actuallyoccurs.

Our changesof the total protonationcalculatedfor the bRC from Rps.viridis arein reasonable
agreementwith theexperimentalresults.However, themeasuredvalueof protonuptakedependssen-
sitively on detailsof the experimentalprocedure,so that differentgroupsgot significantlydifferent
results(Table3.6). Discrepanciesbetweenexperimentsandcalculationsmay be explainedby the
factthatmostexperimentalvaluesareobtainedfrom bRCsof purplebacteriaotherthanRps.viridis.
However, wedid alsocalculationswith thebRCfrom Rb. sphaeroides. Theseresultswill bediscussed
in thenext paragraph.Anotherpossiblereasonfor generaldiscrepanciesbetweenexperimentaland
calculatedvaluesis thatexperimentalvaluescannoteasilybeassignedto a specificbRCstate,since
oftenonly theredoxstateandnot theprotonationstateof thequinonesis determinedby experimen-
tal conditions. We assignedthe experimentalvaluesof protonationchangesto the statesthat are,
accordingto ourcalculatedenergies(seebelow), occupiedwith thehighestprobability.

Accordingto our computations,alsothebRCfrom Rb. sphaeroidestakesup substoichiometrical
amountsof protonsuponelectrontransferfrom Q� �

A to QB: 0.33protonsin the light-exposedx-ray
structureand0.15protonsin the dark-adaptedx-ray structure(Table3.7). The total protonuptake
of the dark-adaptedx-ray structureis not relevant, becauseelectrontransferwill not occur in this
structure(seebelow). The total protonuptake of the light-exposedx-ray structureis in reasonable
agreementwith theexperimentsthatsuggestsuchaprotonuptake (Miksovskaet al., 1999;Maróti &
Wraight,1988),but doesnotsupporttheexperimentsthatdid notfind any protonuptake (McPherson
et al., 1988;Brzezinskiet al., 1997).Theprotonuptake of thebRCdueto theelectrontransferfrom
Q� �

A to QB is determinedexperimentallyby comparingthe protonuptake of the native bRC andof
a bRCwhereelectrontransferfrom Q� �

A to QB is blocked. In bothcases,thebRCsareexcitedby a
singleflashfrom thegroundstateto thestateP& QAQ� �

B andP& Q� �
A QB, respectively. Theblockingis

usuallyaccomplishedby replacingQB by aredoxinactivecompoundliketerbutryn. Thisreplacement
may, however, significantlychangetheprotonationbehavior of thebRCuponreductionof QA , since
theQA reductionalsoaffectstheenvironmentof QB (Miksovskaet al., 1999). In addition,thetran-
sition from theelectron-transferinactive to theactive conformationconsistsmainlyof themovement
of QB from thedistal to theproximalbindingsite. SinceQB is exchangedby a differentcompound,
thecharacteristicsof theconformationaltransition,whichis anywaystronglydependentontheexper-
imentalconditions,will bemodified.Our resultsshow a significantlydifferentprotonationbehavior
for thedark-adaptedandlight-exposedx-ray structures(seealsobelow). Hence,anexplanationfor
the differentexperimentalresultsmay be a modificationof the conformationaltransitionand thus
of theprotonationbehavior, dependingon thecompoundusedfor blockingtheelectrontransferand
otherexperimentaldetails.

Several titratablegroupscontribute to the protonuptake by the whole bRC, but most of them
participateonly with very small protonationchanges.Besidesthe QB, the residueGlu-H177 has
the largestcontribution to the proton uptake in the caseof Rps.viridis (Table 3.6). The distance
of the carboxyloxygenatomof this residueto thedistal oxygenatomof QB is 8.0 Å (Figure3.2).
Glu-H177is possiblyalsoinvolvedin theprotontransferpathway from thesolvent to QB (Lancaster
et al., 1995).Accordingto ourcalculations,Glu-L212doesnotcontributesignificantlyto theproton
uptake at pH 7.5, sinceit is nearlyprotonatedfor all redoxandprotonationstatesof QA andQB.
However, thevery small,but not vanishingionizationprobabilityof Glu-L212of oneto two percent
in thestatesin whichQB is neutral,shows thatGlu L212 juststartsto titrateatpH 7.5.Thestatistical
uncertaintyof theprotonationprobabilityof Glu-L212is lessthan10

� 3 protonsin ourcomputation.

In Table3.7, theprotonationprobabilitiesof theaspartatesL210 andL213 andof theglutamate
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Table 3.7: Summaryof the computedresultsat pH7.0 for the dark-adaptedand light-
exposedx-ray structuresof the bRC from Rb. sphaeroides. Shown are the energies for
the electrontransferfrom Q� �A to QB and the protonationprobabilitiesfor selectedtitrat-
ableresiduesin thefixedredoxstatesQ� �A QB andQAQ� �B andin theequilibriumdistribution
betweenthe two states.L210 andL213 areaspartates,L212 is a glutamate.The standard
deviationof thesingle-siteprotonationprobabilitiesis smallerthan0.001protons.

protonationprobabilities
Q' (A QB ) QAQ ' (B Q' (A QB QAQ ' (B equilibrium

structure energy protonuptake L210 L212 L213 L210 L212 L213 L210 L212 L213
dark(1aij) +157meV 0.15* 0.03 0.01 0.27 0.75 0.01 0.60 0.85 0.01 0.27 0.75
light (1aig) -56meV 0.33* 0.02 0.02 0.81 0.37 0.00 1.00 0.99 0.00 0.98 0.93

L212 in the bRC from Rb. sphaeroidesare shown. Glu-L212 and Asp-L213 are the only groups
with non-standardprotonationprobability within a distanceof 10 Å from QB (seealsoFigure3.2
on page34). In contrastto Rps.viridis, not Glu-H173 (which is the equivalent of Glu-H177 in
Rps.viridis), but Glu-L212(alsoGlu-L212 in Rps.viridis) andAsp-L213(which is a non-titratable
AsnL213 in Rps.viridis) aretheonly residueswith a largeprotonationchangeuponthefirst electron
transfer. The residuesAsp-L210 (Glu-L210 in Rps.viridis), Glu-L212, Asp-L213 (not available
astitratableresiduein Rps.viridis) andGlu-H173(Glu-H177in Rps.viridis) constitutea strongly
coupledclusterof titratablegroupsin closeproximity to QB. The protonationpatternof sucha
coupledclustercanbealtereddramaticallyby smallenergy changes,if thepK valuesof theindividual
titratablegroupsarenot too differentandno net protonationor deprotonationof the whole cluster
occurs.This effect hasto bekept in mind for thefollowing discussionof thedetaileddistribution of
protonswithin thecluster. Theprotonuptake of thecoupledclusteris for both,thelight-exposedand
dark-adaptedx-raystructures,morethantwiceaslargethanthetotalprotonuptake of thewholebRC
from Rb. sphaeroides. Hence,morethanhalf of theprotonuptake of theclusteris compensatedby
numeroussmallprotonationchangesin thenetwork of titratablegroupsfartheraway from QB.

TheequilibriumbetweentheredoxstatesQ� �
A QB andQAQ� �

B is for thedark-adaptedx-ray struc-
turestronglyinclinedto thestateQ� �

A QB andfor thelight-exposedx-ray structureto thestateQAQ� �
B

(seebelow). Hence,the entriesin the columnequilibrium of Table3.7 aresimilar to thoseof the
Q� �

A QB statefor thedark-adaptedx-raystructureandsimilar to thoseof theQAQ� �
B statefor thelight-

exposedx-ray structure.WhentheelectrontransferreactionbetweenQ� �
A andQB is equilibrated,the

clusterof thefour stronglycoupledresiduesGlu-H173,Asp-L210,Glu-L212,andAsp-L213contains
two protonsin thelight structure,but only oneprotonin thedarkstructure.

Thestrikingdifferenceof theprotonationbehavior of Glu-L212in thebRCfrom Rb. sphaeroides
andRps.viridis is in agreementwith theexperimentalfindingsfrom FTIR studies(Hienerwadelet al.,
1995;Nabedryket al., 1995,1998;Bretonet al., 1996;Breton& Nabdryk,1998). However, the
protonationchangesatGlu-H177(Rps.viridis) andAsp-L213(Rb. sphaeroides) donotagreewith the
FTIR experiments:If theprotonationof Glu-L212andAsp-L213in thebRCfrom Rb. sphaeroidesis
comparedin thestatesQ� �

A QB andQAQ� �
B for thelight-exposedx-raystructure,Asp-L213takesup0.5

protonsandGlu-L212 is mostlyprotonatedin bothstateswith a take-upof only 0.2 protons.These
resultsarenot in agreementwith theFTIR results,but they arein agreementwith severalnon-FTIR
results(Paddocket al., 1997,1989;Takahashi& Wraight,1992;Brzezinskiet al., 1997).However,
if thestateQ� �

A QB for thedark-adaptedx-raystructureis comparedwith thestateQAQ� �
B for thelight-

exposedx-raystructure,whichmeansthattheconformationaltransitionof theconformationalgating
(seebelow) is includedin thecomparison,Glu-L212takesup0.7protonsandnow Asp-L213ismostly
protonatedin bothstateswith atake-upof only 0.2protons.Theseresultsaremorein agreementwith
the FTIR results(Hienerwadel et al., 1995; Nabedryket al., 1995,1998). Besidesthe already
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discussedpossiblereasonsfor the describedcontradictions(seeabove), now anotherexplanation
comesintomind. It seemsto becritical for theexperimentalresultwhetherundercertainexperimental
conditionsthemeasurementincludesor excludestheconformationaltransitionbetweendark-adapted
andlight-exposedx-raystructure.Soit mayberewardingto furtherinvestigatetheeventsthattrigger
theconformationaltransition(Graigeet al., 1998).

Thex-raystructureof thebRCfrom Rps.viridis is equivalentto thelight-exposedx-raystructure
of thebRCfrom Rb. sphaeroides. Wedonotknow whetheraconformationaltransitionsimilar to that
from thedark-adaptedto thelight exposedx-raystructureof thebRCfrom Rb. sphaeroidesexistsalso
for thebRCfrom Rps.viridis. Thecalculatedtake-upof 0.5protonsby Glu-H177uponQ� �

B formation
doesnot agreewith theFTIR results(Bretonet al., 1996;Breton& Nabdryk,1998). As explained
above, it might alsoherebepossiblethat for a highly polarizablehydrogen-bondnetwork involving
Glu-L212 andGlu-H177,protonsresidein part alsoat boundwatermolecules,which could make
theminvisible for FTIR measurementsconcentratingon thecarboxylicgroups(Breton& Nabdryk,
1998;Bretonet al., 1999).

Comparison to earlier computations. In a recentmoleculardynamicsstudy also basedon the
dark-adaptedandlight-exposedx-ray structuresfrom Rb. sphaeroides(Stowell et al., 1997),A. K.
GraftonandR. A. Wheelerinvestigatedtheprotonationstatesof Glu-L212andAsp-L213(Grafton
& Wheeler, 1999). They found in agreementwith our own resultsthatQ� �

B bindingat theproximal
binding site is only possiblewhenboth residuesareprotonated,whereasbinding of the neutralQB

at thedistalsiteis mostconsistentwith oneresidueprotonatedandtheotherunprotonated.In agree-
mentwith non-FTIRexperimentalresults(Paddocket al., 1997),they proposethat theprotonbinds
preferentiallyatGlu-L212andnotatAsp-L213.

Themostsignificantdifferencein protonationpatternsbetweenthiswork andastudyon thebRC
from Rb. sphaeroidesby Alexov andGunner(1999)is theprotonationof Glu-L212andAsp-L210.
While wecalculatedaprotonationchangeof Glu-L212of 0.2to 0.7(dependingonincludingthecon-
formationaltransitionor not) in reasonableagreementwith FTIR results(Hienerwadelet al., 1995;
Nabedryket al., 1995,1998),Alexov andGunner(1999)foundGlu-L212to bealwaysprotonated.
Accordingto Alexov andGunner(1999),a largeprotonationchangeis localizedatAsp-L210,which
is alwaysnearlyunprotonatedin ourstudy.

Also a studyon the bRC from Rps.viridis by Lancasteret al. (1996)appliedsimilar methods
asthepresentone. This studyshows protonationchangeslocalizedat the residuesGlu-H177,Glu-
L212,andGlu-M234.Theprotonationchangeof carboxylicgroupsis in contradictionwith theFTIR
experimentsthatsuggestno protonuptake of carboxylicgroupsat all (Bretonet al., 1996;Breton&
Nabdryk,1998).However, thereportedprotonationchangesareall small(0.15protonspertitratable
groupor less). In our own study (Rabensteinet al., 1998b),Glu-L212 is in agreementwith the
experimentsalwaysprotonated,but thechangeof protonationis mainly localizedat Glu-H177(see
above).

3.1.3.2 First Electron Transfer fr om QA to QB.

Review of experimental results. Theexperimentalvaluesof theelectron-transferenergy aredeter-
minedby measuringtherecombinationratesof thebRCstatesP& Q� �

A QB andP& QAQ� �
B to theground

statePQAQB. For the P& QAQ� �
B decay, direct recombinationis negligible (Kleinfeld et al., 1982;

Wraight,1979;Wraight& Stein,1980). Instead,it is assumedthat thestateP& QAQ� �
B is in equilib-

rium with thestateP& Q� �
A QB andrecombinationoccursnearlyexclusively from P& Q� �

A QB (Figure3.7
onpage54). Therefore,if theequilibriumbetweenthestatesQ� �

A QB andQAQ� �
B is reachedfastcom-

paredto therecombinationratefrom P& Q� �
A QB to thegroundstate,theequilibriumconstantKAB can

be calculatedfrom the measuredrecombinationrateswith the following equation(Mancinoet al.,
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Figure3.6: Schemeof thepossibleelectron-transferandprotonationreactionsinvolving the
quinonesof thebRC.Solidarrowsareusedfor theenergeticallypreferredreactionsequence.
Calculatedreactionenergiesaregivenneartherespective arrows. Changesin total protona-
tion duringthereactionsaregivenin parentheses.All resultsarecalculatedfor Rps.viridis.

1984;Kleinfeld et al., 1984a;Tandoriet al., 1999):

KAB
� kAP

kBP

 1 (3.11)

kAP is therecombinationratefrom thestateP& Q� �
A QB, measuredin a bRCwhereelectrontransferto

QB is blocked.kBP is theeffective recombinationratefrom thestateP& QAQ� �
B . Fromtheequilibrium

constantKAB, the reactionenergy of theelectrontransferfrom Q� �
A to QB canbe calculatedsimilar

asin eq3.10. By this method,theelectron-transferenergy wasdeterminedby differentgroupsto be
-78meVatpH 7.8(Arata& Parson,1981),-71meVatpH 8.0(Mancinoet al., 1984),nearlyconstant
-67meVfrom pH 6.0to 8.5(Kleinfeld et al., 1984a),or -52meVatpH 8.1(Tandoriet al., 1999)for
Rb. sphaeroidesand-175meV at pH 6.0 (Baciouet al., 1991),-150meV at pH 7.5and9.0 (Baciou
et al., 1991),or -120meV atpH 9.0(Shopes& Wraight,1985)for Rps.viridis.

Computational results. For thereactionenergy of theelectrontransferfrom Q� �
A to QB our con-

tinuumelectrostaticcalculationsyieldedanenergy differenceof -160meV at pH 7.5 for Rps.viridis
(Figure3.6). We computeda valueof -56meV for the light-exposedx-ray structureanda valueof
+157meV for thedark-adaptedx-ray structureof thebRCfrom Rb. sphaeroides(bothat pH 7.0,see
Table3.7 on page47). Assumingthat theelectrontransferin thebRCfrom Rb. sphaeroidesoccurs
exclusively in a conformationcorrespondingto the light-exposedx-ray structure(for discussionof
this topic seenext paragraphandsection3.1.3.6),our calculatedvaluesarein excellentagreement
with experimentalfindings.

Accordingto our computation,theelectrontransferis energeticallyuphill in thedark-adaptedx-
raystructureanddownhill in thelight-exposedx-raystructureof thebRCfrom Rb. sphaeroides. From
a thermodynamicpoint of view, we canthereforesupporttheassumptionthatthedark-adaptedx-ray
structurerepresentstheelectron-transferinactiveconformationof thebRCandthelight-exposedx-ray
structuretheelectron-transferactive conformation.Theimplicationof this finding for theconforma-
tional gatingmechanismis discussedin section3.1.3.6. The calculatedvaluefor the light-exposed
x-raystructurebeingin agreementwith experimentallydeterminedvaluesimpliesthatthebRCadopts
completelytheelectron-transferactiveconformationin bothstatesQ� �

A QB andQAQ� �
B , sincewehave

exclusively consideredthelight-exposedx-ray structure,which is assumedto representtheelectron-
transferactive conformation. In reality, both statesmay consistof a mixture of electron-transfer
active andinactive conformationsasdenotedin Figure3.7on page54. Thepossibleinfluenceof the



50 CHAPTER3. TITRATION

distribution of electron-transferactive andinactive conformationson theexperimentallydetermined
electron-transferenergy is alsodiscussedin thesection3.1.3.6.

Comparison to earlier computations. The energeticsof the electrontransferfrom Q� �
A to QB in

the bRC from Rb. sphaeroidesandRps.viridis was investigatedseveral timesby electrostaticap-
proachessimilar to thatusedin thepresentwork. Thefirst of thesestudieswasdoneby Berozaet al.
(1995)on thebRCfrom Rb. sphaeroides. However, they failed to reproducetheexperimentalvalue
of theelectron-transferenergy. Theelectrontransferwascalculatedto beuphill by 170meV. Three
yearslater, we startedourown studieson thebRCfrom Rps.viridis, thefirst without conformational
flexibility (Rabensteinet al., 1998b),which is reportedhere,andthe secondwith conformational
relaxation(Rabensteinet al., 1998a),which is reportedin section3.2. Thestudyon thebRCfrom
Rb. sphaeroides followed in 2000(Rabensteinet al., 2000). In all threestudies,we could repro-
ducetheexperimentalvalueof theelectron-transferenergy faithfully (seealsosection3.2).Recently,
Alexov and Gunner(1999) studiedthe electrontransferfrom Q� �

A to QB also basedon the light-
exposedanddark-adaptedx-ray structures(Stowell et al., 1997)aswe did it in the presentstudy.
Alexov andGunner(1999)took the backboneconformationfrom thedark-adaptedx-ray structure.
They generatedtheside-chainconformersandthebindingpositionof QB accordingto both,thedark-
adaptedandthelight-exposedstructures,andseveraladditionalbRCstructuresfrom Rb. sphaeroides
andRps.viridis. They includedalsodifferentconformersof polarhydrogensthatarepartof a titrat-
ablegroup. Thepossiblecombinationof conformersweresampledusinga generalizedMC method
(Beroza& Case,1996;Alexov & Gunner, 1997)describedin moredetail in section4.2.1. In their
calculation,alsoexplicit watermoleculeswere includedin differentorientations,which werealso
sampledby theMC method.By this method,they includedconformationalflexibility in their calcu-
lationsandcouldreproducetheexperimentalvaluefor theelectron-transferenergy. However, without
conformationalflexibility, they calculatedtheelectrontransferto beuphill by 165meV. They report
similar resultsof R. LancasterandM. R. Gunnerfor thebRCfrom Rps.viridis (unpublishedresults
citedin Alexov andGunner(1999)).

It is obviousto askwhy ourown studiesreproducetheexperimentalenergy valuesuccessfullyand
all otherstudiesfailed. In thepast,weproposedasthemainreasonfor oursuccessourdetailedcharge
modelfor the cofactorsof the bRC derived from quantum-chemicalcalculations.In particular, the
chargesfor thenon-hemeiron centerandthequinonein theirdifferentredoxstates(Rabensteinet al.,
1998b,1998a)differ significantlyfrom thoseof thesimplifiedchargemodelusedin theotherstudies
(Berozaet al., 1995;Lancasteret al., 1996;Alexov & Gunner, 1999). Alexov andGunner(1999)
questionthatassumptionandemphasizethefactthatthepaststudiesall useddifferentbRCstructures.
Withoutdoubt,evenmoderateconformationalchangescanhavealargeeffectonelectrostaticenergies
(Rabensteinet al., 1998a).R. LancasterandM. R. Gunnerusedfor their calculationof theelectron
transferenergy in thebRCfrom Rps.viridis (unpublishedresultscitedin Alexov andGunner(1999))
anew x-raystructurewith abetterdefinedQB bindingsite(LancasterandMichel (1997,1999),PDB
code2prc), which was,however, not publicly availableat the time we did our studies. To usethe
improvementsof thenew structureanyhow, we appliedtwo well definedmodifications(Rabenstein
et al., 1998b)to an olderx-ray structure(Deisenhoferet al. (1995),PDB code1prc)accordingto
informationalreadypublishedat that time (Lancaster& Michel, 1996;Lancasteret al., 1995). By
this way, the structurewe usedfor our studies(Rabensteinet al., 1998b,1998a)wasvery similar
to that usedby R. LancasterandM. R. Gunner. As soonas the new x-ray structure(Lancaster&
Michel, 1997,1999)waspublicly available,we repeatedour calculationusingthis structure,which
resultedin an electron-transferenergy of -169meV comparedto -160meV ascalculatedwith our
modifiedstructure.Hence,for thebRCfrom Rps.viridis, thestructuraldifferencescannotexplain the
differencesin thecomputationalresults.However, for thestudieson thebRCfrom Rb. sphaeroides,
structuraldifferencesmay be moresignificant. Berozaet al. (1995)usedanotherstructure(PDB
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code4rcr) thanAlexov andGunner(1999)andusin thepresentwork. Althoughthelattertwo studies
arebasedon thesamex-ray structures(Stowell et al., 1997),theactuallyusedstructuresdiffer. We
placedpolar hydrogensusingthe HBUILD facility of the programCHARMM (Brookset al., 1983)
with a subsequentenergy minimization(Rabensteinet al., 1998b).E. G. Alexov andM. R. Gunner
usedthe programPROTEUS (Gunneret al., 1996)to placepolar hydrogens.We usedthe original
light-exposedanddark-adaptedx-ray structure,whereasE. G. Alexov andM. R. Gunnerusedfor
their calculationwith a singleproteinconformationthebackbonefrom thedarkstructure,which is,
however, nearly identical to the backboneof the light structure. They selectedfor eachsidechain
andfor QB the conformerwith the highestpopulationfrom their calculationswith conformational
flexibility for thegroundstateof thequinones(QAQB). This selectionprocedureleadsto a structure
that will be energetically optimizedfor uncharged quinonesandmay preferoneof the two states
Q� �

A QB andQAQ� �
B morethantheother.

To probeour assumptionthat thedifferentcharge modelsarethemostimportantreasonfor the
differentresults,we repeatedour calculationusingthechargemodelusedby Lancasteret al. (1996)
andAlexov andGunner(1999)for thequinones,resultingin anelectron-transferenergy of -6meV,
thusan increaseof the electrontransferenergy by 50meV. This is a significantshift but canonly
partially explain the differencebetweenthe calculatedenergy reportedin this work andthe energy
calculatedfor therigid casein thework of Alexov andGunner(1999). However, thechargesof the
polypeptidesarealsodifferentin all threestudiesandmaycauseadditionalsignificantdifferencesin
theelectrostaticenergy. Weusedthechargesfrom theCHARMM parametersetprovidedby Molecular
SimulationsInc., which closely resemblethoseof the CHARMM 19 parameterset (Brookset al.,
1983)but arealsoavailable for several aminoacidsin non-standardprotonation. Lancasteret al.
(1996)andAlexov andGunner(1999)usedPARSE charges(Sitkoff et al., 1994),which tendto be
morelocalizedandto have largerabsolutevaluesthantheCHARMM chargeswe used.Berozaet al.
(1995)usedchargesfrom theDISCOVER forcefield (Hagleret al., 1974).

In additionto differentchargemodelsanddifferentstructures,thereareanumberof otherpossible
differencesin theconditionsandtechniquesof solvingthePBE.Most evidentis theresolutionof the
employedgrid. We useda grid with a latticeconstantof 0.3Å, whereasAlexov andGunner(1999)
useda relatively coarsegrid with a lattice constantof 0.83Å. Also the inclusionof explicit water
moleculescanhaveasignificanteffect. Alexov andGunner(1999)includedexplicit watermolecules
in their calculationwith conformationalflexibility. This is reasonablesincethewatermoleculescan
adoptdifferent orientationsin sucha calculation. In a calculationwith a rigid conformation,the
inclusionof explicit watermoleculesis dangerousif thecorrectorientationis unknown or if different
conformationscanbeadopted..However, it is not clearwhetherAlexov andGunner(1999)included
explicit watermoleculesin their calculationfor the rigid protein. In their work (Alexov & Gunner,
1999),therearecontradictingstatementsin connectionwith Figure9 that“watersweredeleted”and
“watersarerigid”.

3.1.3.3 SecondElectron Transfer fr om QA to QB and first protonation of QB.

Review of experimental results. Threedifferent reactionsmay follow the first electrontransfer
process:(i) thesecondelectrontransferfrom QA to QB, (ii) theprotonationat theproximaloxygen
of QB, i. e. theoxygenatompointingtowardsthenon-hemeiron, or (iii) theprotonationat thedistal
oxygenof QB, i. e. theoxygenatompointingaway from thenon-hemeiron (Figure3.2on page34).
Basedon experimentalresults,differentmodelswereproposed.McPhersonet al. (1994)cameto
theconclusionthat thefirst electrontransferis followedby thesecondelectrontransfer, whereupon
the two protonationsof QB occur. In contrast,thekinetic resultsof Graigeet al. (1996)fitted best
to a modelin which thefirst electrontransferis followedby thefirst protonation.Subsequently, the
secondelectrontransferoccursastheratedeterminingstep.Anothermodel,fitting thekinetic results
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of Graigeet al. (1996)almostasgood,includesaconcertedmechanism,in whichthesecondelectron
andthefirst protonaretransferredto QB simultaneously. Themodelderived from mutationstudies
of Paddocket al. (1990)supportsalsoa reactionsequencein which thefirst electrontransferfrom
QA to QB is followedby thefirst protonationof QB, thesecondelectrontransferfrom QA to QB, and
finally by thesecondprotonationof QB. In addition,the modelof Paddocket al. (1990)proposes
that thefirst protonationoccursat thedistaloxygenatomof QB andthesecondprotonbindsto the
proximaloxygenatom.

Computational results. We calculatedthe reactionenergy for the secondelectrontransferfrom
QA to QB andalsofor thefirst protonationof Q� �

B at thedistalandat theproximaloxygenatom(Fig-
ure3.6) (only) for thebRCfrom Rps.virids. Theenergy differencebetweenthebRCstatesQ� �

A Q� �
B

andQAQ2 �
B is +1100meV. This energy differenceis evenhigherthantheenergy differencebetween

therespective quinonestatesin aqueoussolution(720meV). Thus,accordingto our calculations,a
doublyreduced,unprotonatedQB is unlikely to occurin thebRC.Theprotonationenergy of QB in the
bRCstateQ� �

A Q� �
B atpH 7.5is alsopositive,but small(Figure3.6).Theprotonationat thedistaloxy-

genatomis energeticallypreferredby 90 meV ascomparedto a protonationat theproximaloxygen
atom.Therefore,we proposethatafter thefirst electrontransferfrom QA to QB, QB getsprotonated
at thedistaloxygenatom. This is in agreementwith themodelof Paddocket al. (1990). However,
thedifferencebetweentheprotonationenergiesat thedistal andproximaloxygenatomis small. If
theprotonationat theproximaloxygenis kinetically preferredit mayprecedetheprotonationof the
distaloxygenatom.

The energy of +20 meV for the first protonationof QB at the distal oxygenatomcorresponds
to an equilibrium partial protonationof about30%. This fraction may be too small to detectthe
singly protonatedQB spectroscopically. However in thebRCfrom Rb. sphaeroides, theprotonation
of the singly reducedQB doesnot change(with an uncertaintyof + 5%) in the pH-rangefrom 4
to 8 (footnotein Graigeet al. (1996)). One explanationfor this behavior can be that the singly
reducedQB is protonatedlessthan5% over this pH-range.Accordingto our calculations,thesingly
reducedQB hasaprotonationprobabilityof about30% atpH 7.5.This resultdoesnot contradictthe
experimentalobservation,if theprotonationprobabilityof thesingly reducedQB remainsconstantat
(30+ 5)% over thepH-rangefrom 4 to 8. This maypossiblybe rationalizedwith a specialtitration
behavior of QB: Due to strongcouplingof QB with titratablegroupsin theproteinmatrix, a nearly
constantprotonationprobabilityof thesingly reducedQB maybemaintainedover a wide pH-range.
Theassumptionof a nearlyunprotonatedsingly reducedQB is not supportedby our results.But it
shouldbekeptin mind thattheexperimentsweredonewith thebRCfrom Rb. sphaeroides, while we
usedthestructureof thebRCfrom Rps.viridis in our computation.

We found that the protonuptake by the bRC takesplacebeforeQB getsprotonated.This may
be oneof the reasonsfor theexperimentalfinding that thefirst protonationof QB is fasterthanthe
secondelectrontransferfrom QA to QB (McPhersonet al., 1994).Dueto thefastprotonationof QB,
thesystemreachesthe protonationequilibrium after thefirst electron-transferprocess.The second
electronis thenonly transferredif QB is protonated.If the protonationof QB dependson pH, this
mechanismcanexplain theobservedpH dependenceof thesecondelectron-transferrate.Thismodel
is similar to theonederivedfrom kineticstudiesmentionedabove (Graigeet al., 1996).

3.1.3.4 SecondProtonation of QB.

Measurementsof theenergiesfor thesecondprotonationof QB atpH 9.0and9.5gave , (0+ 20)meV
and , (28+ 20) meV, respectively (McPhersonet al., 1994). Assuminga Henderson-Hasselbalch
titration behavior, theprotonationenergy at pH 7.5 is -90 meV. This is in qualitative agreementwith
ourcalculatedvaluesof -300meVand-410meV(Figure3.6). Thediscrepancy maybeexplainedby
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theuncertaintyof extrapolatingtheenergy to lower pH-values.Furthermore,theexperimentswere
doneat thebRCfrom Rb. sphaeroides, while we usedthebRCfrom Rps.viridis. Theresultsshow
that the stateQAQBH

�
dist , in which QB is protonatedat the distal quinoneoxygen,is energetically

morestablethanthestateQAQBH
�
prox. Hence,alsoin thedoubly reducedstateof QB, a protonated

distaloxygenis preferredto aprotonatedproximaloxygen.

3.1.3.5 Sequenceof electron-transfer and protonation reactions

As discussedabove, thesequenceof theelectron-transferandprotonationreactions,i. e. their tempo-
ral order, is notcompletelyresolvedexperimentally. In particular, it is unclear, if thefirst protonation
of QB precedesthe secondelectrontransferfrom QA to QB or not. Our calculatedreactionenergy
for the reductionof the singly reducedQB to a doubly reducedQB is in the bRC even higherthan
in aqueoussolution. The reactionenergy is larger than1 eV. This energy is too large to make this
statethermallyaccessible,thusthedoubly reducedQB statedoesnot occurin the bRC.Therefore,
we concludethat the first protonationof QB precedesthesecondelectrontransferbetweenQA and
QB. If the protonationof QB dependson pH, this mechanismcanalsoexplain the pH dependence
of the secondelectron-transferstep(Graigeet al., 1996),becausetheprotonationof QB would be
a prerequisitefor the secondelectron-transferstep. According to our calculatedreactionenergies
(Figure3.6 on page49), we proposethe following reactionsequencefor the electron-transferand
protonationreactionsof thequinonesin thebRC: (1) first electrontransferfrom QA to QB, (2) first
protonationof QB (at thedistaloxygencloseto Ser-L223), (3) secondelectrontransferfrom QA to
QB, (4) secondprotonationof QB (at the proximal oxygencloseto His-L190). Whetherthe distal
or the proximal quinoneoxygenatomgetsprotonatedfirst is, however, not certain,sincethe cor-
respondingreactionenergies differ not much (Figure 3.6). Although the protonationof the distal
oxygenatomis energetically favored,theprotonationof the proximaloxygenatomcanbe fasterif
a protonis moreeasilyavailable. However, alsoexperimentaldatasuggest,that theprotonationof
thedistaloxygenatomof QB precedestheprotonationof theproximaloxygenatom(Paddocket al.,
1990). The energetically favoredreactionsequenceis shown with solid arrows in Figure3.6. This
reactionsequenceis in agreementwith severalmodelsderivedfrom experiments(Graigeet al., 1996;
Paddocket al., 1990). A mechanismin which the first protonationof QB andthe secondelectron
transferoccursimultaneously, i. e. a concertedmechanism(Graigeet al., 1996),would alsoagree
with ourcalculations.

3.1.3.6 Conformational gating

Review of experimental results. Conformationalgating (Davidson,1996)wasproposedfor the
bRCof Rb. sphaeroidesonthebasisof experimentsin whichthedriving forcefor theelectrontransfer
from Q� �

A to QB wasvaried(Graigeet al., 1998).In theseexperiments,QA wasreplacedby quinones
other than UQ that have different redox potentials. However, the electron-transferrate from Q� �

A
to QB was not changedsignificantly by thesereplacements.The reactionenergy of the electron
transferis relatively small so that the electron-transferprocessoccursin the normalregime, where
theclassicalMarcustheory(Marcus,1956;Marcus& Sutin,1985)predictsa strongdependency of
theelectron-transferrateon thereactionenergy. Theobserved independency of theelectron-transfer
rate on the reactionenergy can be explainedby a conformationalgating mechanism.According
to theconformationalgatingmechanism,thebRCcanadopttwo conformations:anelectron-transfer
activeconformationandanelectron-transferinactiveconformation(Figure3.7).Theelectrontransfer
from Q� �

A to QB will occurnearlyexclusively in the electron-transferactive conformation. In the
groundstatePQAQB, thebRCis preferentiallyin theelectron-transferinactive conformation.Hence,
aconformationaltransitionis necessaryto allow theelectrontransferfrom Q� �

A to QB. This transition
is theratedeterminingstep.
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Figure3.7: Possibleelectrontransferreactionsandconformationalgatingin thebRCfrom
Rb. sphaeroides. The initial reactionis the light excitation of the specialpair P to P- , af-
ter which a charge separationfollows in the sub-microsecondtime regime, resultingin the
stateP. Q� �A QB. Theelectronis thentransferredfrom Q� �A to QB in thetime scaleof several
hundredmicroseconds.Accordingto theconformationalgatinghypothesis,this processin-
volvesa conformationaltransition,afterwhich theactualelectrontransferoccursat a much
fasterrate. Recombinationoccursfrom the stateP. Q� �A QB to PQAQB with a time constant
of about100ms. All statescanin principle adoptthe two conformationsconsideredin the
presentstudy: Onewherethe electrontransferfrom Q� �A to QB is possible,andonewhere
it is hindered. We assumethat the electron-transferactive conformationis representedby
thelight-exposedx-raystructureandtheelectron-transferinactiveconformationby thedark-
adaptedx-ray structure.Thehinderingof theelectrontransfercanbemediatedkineticly or
thermodynamicly(or both).Thekineticsis not investigatedin thepresentstudy, but thether-
modynamicresultis, thattheelectrontransferis uphill by 157meVfor thedark-adaptedx-ray
structure,whereasit is downhill by 56meV for thelight-exposedx-ray structure.Dueto the
experimentalconditions,thebRCwasin thegroundstatePQAQB for thedeterminationof the
dark-adaptedx-ray structureandin the chargeseparatedstateP. QAQ� �B for the determina-
tion of the light-exposedx-ray structure.Hence,theconformationalequilibriumprefersthe
electron-transferinactive conformationin the statePQAQB andthe electron-transferactive
conformationin the stateP. QAQ� �B . The conformationalequilibrium constantin the state
P. Q� �A QB is unknown. The upperlimit of 62meV for the conformationaltransitionin the
latter stateis deducedfrom comparisonof experimentalandcalculatedresults(seetext for
details).Theupperlimit of -151meVfor theconformationaltransitionin thestateP. QAQ� �B
resultsfrom the thermodynamiccycle connectingthestatesP. Q� �A QB andP. QAQ� �B in the
two conformations.



3.1. TITRATION OF A SINGLE,RIGID PROTEIN STRUCTURE 55

To determinethe two conformationsexperimentally, x-ray structureswere solved of the dark-
adaptedbRC,which is in thegroundstatePQAQB, andof thelight-exposedbRC,which wasfrozen
immediatelyafter illumination andthereforein thestateP& QAQ� �

B (Stowell et al., 1997).Themost
striking differencebetweenthe two x-ray structuresis the displacementof QB from a binding site
proximalto thenon-hemeiron to a distalbindingsite. In thelight-exposedx-ray structure,QB binds
at theproximalbindingsite,whereasin thedark-adaptedx-ray structureit bindsat thedistalbinding
site (Figure3.2 on page34). However, the electrondensityat the proximal binding site suggestsa
partialoccupancy of QB at theproximalsiteevenin thedark-adaptedx-raystructure.It wasproposed
that thedark-adaptedandlight-exposedx-ray structuresrepresenttheelectron-transferinactive and
active conformations,respectively. Thus, in the stateP& QAQ� �

B the equilibrium betweenelectron-
transferinactive andactive conformationsprefersthe electron-transferactive conformation,andin
thegroundstatePQAQB it preferstheelectron-transferinactive conformation.The detectedpartial
occupancy of QB at the proximal binding site shows that the preferenceof the equilibrium for the
electron-transferinactive or active conformationis lesspronouncedin the groundstatethanin the
stateP& QAQ� �

B (Figure3.7).
Thisfinding is in agreementwith kinetic measurementsthatfoundtheelectrontransferratefrom

Q� �
A to QB to beat leastbiphasic(Tiedeet al., 1996;Li et al., 1998).Thefastphasecanbeassigned

to the electrontransferin the electron-transferactive conformation,andthe slow phaseto the con-
formationaltransitionfrom theelectron-transferinactive conformationto theelectron-transferactive
conformation. However, the quantitative resultsof the two kinetic studies(Tiedeet al., 1996; Li
et al., 1998)arevery differentandseemto be highly sensitive to the detailsof the experimental
procedure.The fastratecomponentof the total reactionyield, which is accordingto our interpreta-
tion identicalto theoccupancy of theelectron-transferactive conformationin thegroundstate,was
measuredto be25% by Tiedeet al. (1996)and60% by Li et al. (1998). A strongpreparationde-
pendency wasexplicitly reportedanddiscussed(Tiedeet al., 1996). Thereporteddistributionsare,
however, notverydifferentin termsof freeenergy. Thismeans,thatverysubtlechangesof conditions
may have a stronginfluenceon the observed distribution for both, experimentandcalculation.We
conclude,thatthefreeenergy differencebetweenelectron-transferactive andinactive conformations
is closeto zeroandits exactvaluedependson theexperimentalconditions.

Computational results. As mentionedabove, we computedthe reactionenergy of the electron
transferfrom Q� �

A to QB to beuphill by 157meV in thedark-adaptedx-raystructureof thebRCfrom
Rb. sphaeroides. We canthereforesupportthe assumptionthat the dark-adaptedx-ray structureis
electron-transferinactive. Our viewpoint is exclusively thermodynamic.Theremayalsobe kinetic
reasonsfor theinhibition of theelectron-transferin thedark-adaptedx-ray structure(Stowell et al.,
1997),but we did not considerkinetics in the presentstudy. In the following, we assumethat the
amountof electrontransferbetweenQA and QB in the dark-adaptedx-ray structureis negligibly
small.

Fromtheresultsabove,weconcludedthattheequilibriumbetweenelectron-transferactiveandin-
activeconformationsprefersstronglytheactive conformationin thestateP& QAQ� �

B andonly weakly
the inactive conformationin thegroundstatePQAQB (Figure3.7). Thevalueof theconformational
equilibriumconstantin thestateP& Q� �

A QB is unknown, but it wouldhaveimplicationsfor thedetailed
mechanismof theconformationalgating.Dependingon thevalueof theconformationalequilibrium
constant,thegatingmechanismmaywork betweenthefollowing two limiting cases:

1. The equilibrium constantcould be the samein the statesPQAQB and P& Q� �
A QB. Electron

transferfrom Q� �
A to QB will only occurin thesmall fractionof bRCsin theelectron-transfer

active conformation.After electrontransfer, theequilibrium betweenelectron-transferactive
andinactiveconformationsreadjustsby aconformationaltransitionandfurtherelectrontransfer
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occurswith the effective rate of the conformationaltransition. In this mechanism,the QB

reduction“pulls” thebRCinto theelectron-transferactive conformation.Hence,we call this
mechanismapull-transition.

2. Theequilibriumconstantcouldbethesamein thestatesP& Q� �
A QB andP& QAQ� �

B , i. e. already
thereductionof QA (or otherlight-inducedeventsgoingalongwith theQA reduction)triggers
the transitionto theelectron-transferactive conformation(Graigeet al., 1998). In this case,
the conformationaltransitionfrom the inactive to the active conformationwould alsooccur
without theelectrontransferfrom Q� �

A to QB. ThebRCis “pushed”into theelectron-transfer
active conformation,whethertheelectrontransferfrom Q� �

A to QB will actuallyoccuror not.
We call this mechanisma push-transition. Sincetheelectron-transferreactionthat leadsfrom
thestateP/ QAQB to thestateP& Q� �

A QB is in thesub-millisecondtimeregime,themuchslower
conformationaltransitionis still therate-limitingstepandtheelectrontransferreactionis there-
fore still gated. This ratelimitation canonly be circumventedby fixing the bRC in the state
P& Q� �

A QB, waiting until the conformationaltransitionto the electron-transferactive confor-
mationhasoccurred,andthenreleasingthefixation, so that theelectron-transfercanproceed
ungated.Thisprocedureis,however, only aGedankenexperimentandcanprobablynotbedone
in reality.

Theequilibriumconstantbetweentheelectron-transferactive andinactive conformationsin the
stateP& Q� �

A QB canbecalculatedfrom thedifferencebetweenthecalculatedandexperimentallymea-
suredreactionenergiesof theelectrontransferfrom Q� �

A to QB asshown in thefollowing: Weneglect,
asmentionedabove, theelectrontransferbetweenQA andQB in theelectron-transferinactive con-
formation. We also neglect the occupancy of the stateP& QAQ� �

B in the electron-transferinactive
conformationcomparedto theoccupancy of thesamestatein theelectron-transferactive conforma-
tion. With theseassumptions,two equilibriaremain:Oneis theequilibriumbetweenP& Q� �

A QB and
P& QAQ� �

B in the electron-transferactive conformationwith the correspondingequilibrium constant
KAB, andtheotheris theequilibrium betweenthe electron-transferactive (act) andinactive (inact)
conformationsof thestateP& Q� �

A QB with thecorrespondingequilibriumconstantKconf (Figure3.7):

KAB
�10 P& QAQ� �

B act 20 P& Q� �
A QBact 2 � exp 3 
 ∆GAB

kT 4 (3.12)

Kconf
� 0 P& Q� �

A QBact 20 P& Q� �
A QBinact 2 � exp 3 
 ∆Gconf

kT 4 (3.13)

Bothequilibriaarereachedfastcomparedto therecombinationratefrom P& Q� �
A QB to theground

state(Tandoriet al., 1999). In our calculation,we evaluatedtheequilibriumconstantKAB, whereas
the above describedexperimentalmethodto measurethe equilibrium of the statesP& Q� �

A QB and
P& QAQ� �

B yieldsanequilibriumconstantKexp thatdescribestheequilibriumof thestatesP& Q� �
A QB

andP& QAQ� �
B in bothconformations,theelectron-transferactive andinactive. Sincetheoccupancy

of thestateP& QAQ� �
B in theelectron-transferinactive conformationis neglectedhere,theexpression

of theexperimentallydeterminedequilibriumconstantsimplifiesto

Kexp
� 0 P& QAQ� �

B act 20 P& Q� �
A QBact 2 � 0 P& Q� �

A QBinact 2 � exp 3 
 ∆Gexp

kT 4 (3.14)

Theconnectionbetweenthethreeequilibriumconstantsis thefollowing:

Kconf
� Kexp

KAB 
 Kexp
(3.15)
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Usingeq3.10,theequilibriumconstantsin eq3.15canbeconvertedinto freeenergy, yieldingthe
following expressionfor thefreeenergy of theconformationaltransitionin thestateP& Q� �

A QB:

∆Gconf
� kT ln 5 exp 3 ∆Gexp 
 ∆GAB

kT 4 
 16 (3.16)

∆Gexp is theexperimentallydeterminedreactionenergy of theelectrontransferfrom Q� �
A to QB

derivedfrom Kexp, and∆GAB is thecalculatedreactionenergy of theelectrontransferfrom Q� �
A to QB

for thefixedelectron-transferactive conformationderivedfrom KAB.
Sincethedifferencesbetween∆Gexp and∆GAB is within experimentalandcomputationaluncer-

tainty, ∆Gconf canonly beestimatedroughly. Theexperimentalvaluesfor ∆Gexp rangefrom -78meV
to -52meV (Arata & Parson,1981;Mancinoet al., 1984;Kleinfeld et al., 1984a;Tandoriet al.,
1999). Theuncertaintyof our computationalresultis very difficult to estimatebecausethe intrinsic
error of our electrostaticmodel is unknown. However, we assume,on the basisof our andothers
experiences,thatourelectrostaticmodelis sufficiently accurateto beappliedsuccessfully. Wewould
call anelectrostaticcalculationof reactionenergy successful,if it reproducesexperimentalresultwith
anerrorof about + 60meV, which is equivalentto + 1 pK unit. Weassumethisvalueto betheuncer-
tainty of our computationalresultdueto thepotentialerrorof theunderlyingmodel(but not dueto
statisticalor numericalerrorsin thecomputationalprocedureitself). Hence,thevaluefor thediffer-
ence∆Gexp 
 ∆GAB is in therangefrom -82meV to +64meV. A negative valueof this differenceis
notpossible,sothattheremainingrangeis from 0meVto +64meV. A valueof 0meVcorrespondsto
aninfinitely negative valuefor ∆Gconf , which meansthattheelectron-transferinactive conformation
is unpopulatedin thestateP& Q� �

A QB (whenequilibriumis reached)andtheconformationalgatingis
doneby a push-transitionasdescribedabove. A valueof +64meV for thedifference∆Gexp 
 ∆GAB

correspondsto a valuefor ∆Gconf of +62meV or anequilibriumdistribution of about90% electron-
transferinactive conformationand10% electron-transferactive conformationin thestateP& Q� �

A QB.
Sucha distribution is, at leastin termsof freeenergy, very similar to thoseobserved by thekinetic
experimentsfor thegroundstate(Tiedeet al., 1996;Li et al., 1998).Thismeans,thatthedistribution
of theelectron-transferactiveandinactive conformationsis similar in thegroundstatePQAQB andin
thestateP& Q� �

A QB, sothattheconformationalgatingis doneby apull-transition.
We concludethat the free energy of the transitionbetweenelectron-transferactive andinactive

conformationsin the stateP& Q� �
A QB is smaller than 62meV. Following the thermodynamiccycle

in the right part of Figure3.7, we cancalculatethe free energy of the transitionbetweenelectron-
transferactive andinactive conformationsin thestateP& QAQ� �

B to besmallerthan-151meV, which
is in agreementwith previousconclusions.However from our results,we cannotdecidewhetherthe
conformationalgatingis mediatedpreferentiallyvia apush-transitionor apull-transition.

Comparisonto earlier computations. In thealreadydiscussedstudyof Alexov andGunner(1999)
the dark-adaptedandlight-exposedx-ray structureswerenot consideredseparately, but in onecal-
culationwherethe different sidechain,QB, andwaterconformersweresampledtogetherwith the
titration statesby a generalizedMC method.They includedthetwo bindingmodesof theQB, distal
andproximal,in thesampling.For thestateP& QAQ� �

B , QB wascompletelylocalizedat theproximal
bindingsiteandthedistalbindingsidewasnot populatedin agreementwith thelight-exposedx-ray
structure(Stowell et al., 1997).For thegroundstatePQAQB andthestateP& Q� �

A QB, thedistalbind-
ing sitewasoccupiedto 20% andtheproximalbindingsiteto 80%. This is in contradictionwith the
dark-adaptedx-ray structure,whichsuggeststhatin thegroundstatethepreferredbindingsiteof QB

is thedistal site (Stowell et al., 1997). However, asdiscussedabove, theconformationaltransition
from theelectron-transferinactive to theactive conformation,which meansmostlythemovementof
QB from thedistal to theproximalbindingsite,is energeticallyvery easyandmayevenbetriggered
by subtlechangesin theexperimentalconditions.Themovementof QB wasrecentlyobserved in a
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moleculardynamicssimulation(Grafton& Wheeler, 1999),whereit wastriggeredby achangeof the
protonationpatternof theresiduesGlu-L212andAsp-L213(seenext section).Sothecontradiction
of thecomputationalresultsof Alexov andGunner(1999)andthex-ray structuredoesnot necessar-
ily meanthatthereis a severeproblemwith thecomputationalmodel.In agreementwith our results,
theelectrontransferto QB boundat thedistalsitewasreportedto beunfavorable,but a valueof the
reactionenergy wasnot provided. Alexov andGunner(1999)proposedthatpossiblyseveralsmaller
conformationalchangesandnot the transitionof QB from the distal to the proximal binding site is
mostimportantfor theconformationalgatingprocess.They concludedthis from theirfinding thatthe
electrontransferfrom Q� �

A to QB is uphill if they donot includeconformationalrelaxationin theircal-
culation(seeabove). However, in our studieswithout conformationalflexibility for Rb. sphaeroides
(Rabensteinet al., 2000)andRps.viridis (Rabensteinet al., 1998b),we obtainedenergy valuesfor
theelectrontransferfrom Q� �

A to QB thatarein goodagreementwith experimentalvalues.Theintro-
ductionof conformationalrelaxation(seesection3.2) for thebRCfrom Rps.viridis did not change
our resultsfundamentally(Rabensteinet al., 1998a).Hence,we disagreewith theassumptionthat
numerousbut smallconformationalchangesnot representedby thedifferentx-raystructuresarenec-
essaryfor theelectrontransferandresponsiblefor theconformationalgatingmechanism.

3.2 Conformational relaxation

3.2.1 To be investigated:again the bRC fr om Rps. viridis

It is obvious that theproteinmatrix of thebRCwill undergo a conformationalchangeuponelectron
transfer. Thesechangescouldbeasdramaticalasassumedfor thebRCfrom Rb. sphaeroidesbased
on the x-ray structures(Stowell et al., 1997)andstudiedin section3.1. However, in generalthe
reactionaftertheeventof anelectrontransferor protonationof a titratablegrouparenumeroussmall
relaxationmovementsof moleculargroupsin theneighborhoodof thetransition.Alexov andGunner
(1999)even proposesuchrelaxationmovementsasthe conformationalgatingstepfor the electron
transferfrom Q� �

A to QB in the bRC. In calculationswith a single,rigid structure,theserelaxations
canberepresentedby anincreaseddielectricconstantεp for theproteininterior.

In this section,I will presenta methodwe developedfor simulatingthe relaxationexplicitly by
anenergy minimizationscheme.Weappliedthismethodto studyasbeforethebRCfrom Rps.viridis
at pH 7.5with its quinonesin thestatesQAQB, Q� �

A QB, QAQ� �
B , Q� �

A Q� �
B , andQAQ2 �

B . We will show
thataftertheexplicit relaxation,thedielectricconstantcanindeedbereducedfrom εp

� 4 to εp
� 2.

In oneprevious studyat the bRC of Rps.viridis, an energy minimizationschemewasalready
usedto obtainrelaxed proteinconformations(Cometta-Moriniet al., 1993). In thatwork, alsothe
bRCstate,wheretheQB is singly reducedandsingly protonated(QB

� H), wasconsidered.However,
only a small part of the bRC nearQB wasincludedin that computation,andthe minimizationwas
performedwith the titratableaminoacidsin their standardprotonationstate(at pH 7 in solution).
Also no reactionenergiesfor electrontransferwerecalculated.

3.2.2 Methods

3.2.2.1 Structural relaxation

In theconventionalmethodfor calculatingprotonationpatterns,structuralrelaxationuponchangesin
theelectrostaticpotentialis not consideredexplicitly. Instead,it is incorporatedonly in an average
way by using a dielectric constantof εp , 4, which accountsfor electronicas well as for nuclear
polarizationeffects(Warshel& Russel,1984;Warshelet al., 1997).Thelatteraredueto reorientation
of charged andpolar moleculargroups. If only electronicpolarizability is taken into account,the
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dielectricconstantis assumedto beεp=2, basedon thehigh-frequency dielectricconstantof apolar
organicliquids (Sharp& Honig,1990).

In our method,nuclearpolarizationeffectsaretreatedexplicitly by structuralrelaxation.This is
achievedin thefollowing manner:

1. To getreasonablestartingvaluesfor theprotonationpatternatagivenpH value,aconventional
calculationwith εp=4 is performed,usingtheoriginalunrelaxedcrystalor NMR structure.

2. Now theatomicpartialchargesof thetitratablegroupsareassignedaccordingto their fractional
protonation.Theseatomicpartial chargesareobtainedby a linearly weightedaverageof the
chargesof the protonatedand deprotonatedstate. Startingwith this charge assignment,we
energeticallyminimizedthestructureusingtheprogramCHARMM (Brookset al., 1983). To
saveCPU-time,weusedhomogeneousdielectricsfor theenergy minimization,whicharevalid
only approximately. To avoid artifactsdueto energy minimization,proteinatomscloseto the
surfacearespatiallyconstrained.

3. Next, thecalculationof theprotonationpatternis repeatedwith theminimizedstructure.How-
ever, the dielectric constantfor the protein is now set to a value of εp=2, sincethe nuclear
polarizationis taken into accountby the structuralrelaxation,which occursduring the mini-
mizationprocedure.

4. Steps2 and3 arerepeatediteratively, until thecalculatedfractionalprotonationof eachindi-
vidual titratablegroupdiffers lessthana tenthof a protonbetweensubsequentiterationsteps
providing selfconsistency of structureandprotonationpattern.Figure3.8 summarizestheal-
gorithm.

Notethattheenergy minimizationin step2 is performedwith theprotonationpatterncalculatedin
thepreviousstep,but with theoriginal structureasstartingconformation.In theabsenceof thermal
fluctuations,protonationpatternsandconformationsareable to stabilizeeachother, so that rather
artificial conformationsbecomepossible. Therefore,for eachminimization the original unrelaxed
structureis usedasstartingconformationin orderto prevent thatduring the iterationprocedurethe
structuredrifts into conformationsthataretoo far away from theoriginal structure.

For theenergy minimizations,theCoulombandLennard-Jonesinteractionswerecalculatedwith
acut-off radiusof 10.0Å usinggroupshift cut-off conditions.All atomswith adistanceof morethan
20Å from thenon-hemeiron wereconstrainedto theirpositionof theoriginalstructureby aharmonic
potentialwith a forceconstantof 0.42kJ mol

� 1 Å
� 2. Wedid notaddwatermoleculesto thesystem,

but in contrastto theelectrostaticcalculations,thewatermoleculescontainedin thecrystalstructure
wereincludedin theenergy minimization.Thesewatermoleculesfill cavities in theproteinandcan
thusaccountfor anotherwiseheterogeneousdielectricmedium(Ullmannet al., 1996),whichcannot
be handledwith CHARMM. For eachminimizationprocedure,we performed1000stepsof energy
minimizationwith steepestdescent,followedby 2000stepswith theconjugatedgradientmethod.

3.2.2.2 Calculating the energy of electron transfer for the relaxedconformations

At first, we calculatedtheprotonationpatternsasbeforeandappliedtherelaxationprocedureto the
bRCwith afixedquinonestate(QAQB, Q� �

A QB, QAQ� �
B , Q� �

A Q� �
B , or QAQ2 �

B ). Thisyieldedadifferent
conformationfor eachbRCstate.Thus,in orderto calculatetheenergy of theelectrontransferfrom
QA to QB, we hadto considertwo differentconformationstogether. Wedid this by usingthemethod
describedin section3.3. This requiresto determinethe valueof ∆Gl

conf (seeeq 3.19 on page69)
for eachbRCstate.This valuerepresentsthe relative conformationalenergy of theprotonationref-
erencestateof conformationl , i. e. of the state,whereall titratablegroupsare in their uncharged
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Figure3.8: Overview of thecompleterelaxationprocedure.
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protonationstate.Theenergy of oneconformationcanbechosenarbitrarily. Hence,∆Gl
conf canbe

consideredasthe energy differencebetweentheconformationalenergy of theconformationl itself
andtheenergy of an arbitrarily chosenreferencestructure.This energy differencecanbe obtained

Protein(l)Protein(0)

Protein(0) Protein(l)

∆G  (0)
R

∆G  (l)
R

∆G          (l)

∆G       (l)

ε  ,ε  , Ι=0

ε  ,ε  , Ι>0ε  ,ε  , Ι>0

ε  ,ε  , Ι=0p p p p

pp s s

hom
conf

inhom
conf

Figure3.9: Thermodynamiccycle to calculatetheconformationalenergy.

via the thermodynamiccycle depictedin Figure3.9 resultingin eq 3.17(whereGinhom
conf

�
l 
 is identi-

cal to ∆Gl
conf , thesuperscriptinhomemphasizesthatthis energy is calculatedfor aninhomogeneous

dielectricmedium).

∆Ginhom
conf

�
l 
 � Ginhom

conf
�
l 
 
 Ginhom

conf
�
0
 � ∆Ghom

conf
�
l 
7� ∆GR

�
l 
 
 ∆GR

�
0
 (3.17)

Accordingto Figure3.9,theproteinwith a dielectricconstantεp is broughtfrom amediumwith ho-
mogeneousdielectrics,wheretheionic strengthis I � 0 � 0 andthedielectricconstantis εp everywhere,
into thesolventwith adielectricconstantεs anda ionic strengthI , 0. In thehomogeneousmedium,
we obtainedtheconformationalenergy difference∆Ghom

conf

�
n
 simply from the CHARMM forcefield

(Brookset al., 1983). To distinguishthe conformationalenergy in a homogeneousmediumfrom
the neededconformationalenergy in a inhomogeneousmedium, theseto energies are labeledas
∆Ghom

conf

�
n
 and∆Ginhom

conf

�
n
 , respectively. The energy ∆GR (eq3.18) is requiredto bring a molecule

from a mediumwith a dielectric constantof εp and ionic strengthI � 0 � 0 into a mediumwith a
dielectricconstantof εs andionic strengthI , 0.

∆GR
� 1

2

N

∑
i � 1

qi 0 φ � �
r i � εp � εs � I 
 
 φ

� �
r i � εp � εp � 0 � 0
 2 (3.18)

In eq3.18,φ
� �
r i � εp � εs � I 
 is thesolutionof thePBE(section1.1) with dielectricconstantsεp for the

proteinandεs for thesolventandionic strengthI attheplaceof chargeqi usingthechargedistribution
of thereferenceprotonation-state.Thesumin eq3.18runsover all chargesof themolecularsystem
in the referenceprotonation-state.The programMEAD, which we usedto calculateintrinsic pKa

values,is alsocapableto calculatethisenergy. However, sincetheelectrostaticpotentialof thewhole
moleculeis needed,thegrid usedfor solvingthePBEmustnow belargeenoughto containthewhole
bRCevenat thefinestfocusinglevel. Weusedinitially a200Å cubegrid with a2.0Å latticespacing,
followedby a100Å cubegrid with a0.5Å latticespacing.Thecentersof bothgridswereplacedon
thegeometricalcenterof thebRC.

A thermodynamiccycle similar to the onedepictedin Figure3.9 haspreviously beenusedto
calculaterelative bindingconstantsof diproteincomplexes(Ullmannet al., 1997).
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3.2.3 Resultsand Discussion

3.2.3.1 Impr oved MC samplingwith triple moves

As alreadymentionedin section3.1.2.4,thestrongercouplingdueto the low dielectricconstantof
εp

� 2 leadsto samplingproblems,which canbesolved by introducingtriple moves. In Table3.8,
examplesfor residueswith samplingproblemsare shown, when the calculationswere performed
with singlemovesonly, with singleanddoublemoves,andwith single,doubleandtriple moves.For
someresidues,thesamplingproblemswith singlemovesor singleanddoublemovesweresostrong,
thatno statisticaluncertaintycouldbecalculated.For thecalculationof thestatisticaluncertaintyas
describedin section3.1.2.4,the correlationtime is needed(eq 3.8 and3.9). The correlationtime,
however, cannotbe calculated,if the correlationfunction doesnot reacha lower limit. As canbe
seenin Table3.8,theintroductionof doublemovesfixessome,but not all of thesamplingproblems.
After introductionof triple moves,samplingproblemsdid not occurany longer, andthe statistical
uncertaintywaslessthan0.01for all residues.

Table3.8: Examplesof residueswith MC samplingproblems.Given arethe protonation
probabilitieswith statisticaluncertainty( 8 1σ) for threeresidueswith samplingproblemsin
thefirst iterationof theQ� �A QB state,calculatedfrom MC samplingwith single,doubleand
triple moves.

residue single double triple
Glu-M171 9 0 : 690; a 9 0 : 726; a 0 : 649 8 0 : 005
δ-His-H9 9 0 : 660; a 0 : 742 < 0 = 005 0 = 741 < 0 = 005

δ-His-M162 > 0 = 314? a > 0 = 278? a 0 = 354 < 0 = 005

a Resultis notconverged,statisticaluncertaintycouldnotbecalculated.

3.2.3.2 Relaxedselfconsistentstructures

Consistency of energy minimizedstructureandprotonationpatternwasreachedaftereightiterations
for eachbRCstate.We calculatedroot meansquaredeviations(rmsd)of thefinal structurescorre-
spondingto differentbRCstatesrelative to theoriginalstructureandrelative to eachother(Table3.9).
To align two structures,we usedthealgorithmof Kabsch(1976).Watermoleculeswerenot consid-
eredin thecalculationof rmsd.

Table3.9: Rootmeansquaredeviations(rmsd,in Å) of therelaxedstructuresrespective to
thecrystalstructure(column“x-ray”) andto eachother. Watermoleculesarenot includedin
thecalculationof thermsdeviation.

structure x-ray QAQB Q@ AA QB QAQ@ AB Q@ AA Q@ AB QAQ2 AB
QAQB 0.670 0.000 0.096 0.096 0.154 0.122
Q@ AA QB 0.668 0.096 0.000 0.132 0.174 0.147
QAQ@ AB 0.665 0.096 0.132 0.000 0.132 0.109
Q@ AA Q@ AB 0.671 0.154 0.174 0.132 0.000 0.130
QAQ2 AB 0.676 0.122 0.147 0.109 0.130 0.000

The rmsdof thefinal selfconsistentstructuresrelative to thecrystalstructure,averagedover all
atoms,is about0.67Å for all bRC states.However, theminimizedstructuresarenot equalfor the
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differentbRC states.The rmsdeviation amongtheminimizedstructuresis up to 0.17Å. Although
Stowell et al. (1997)recentlyreporteddramaticconformationalchangesuponthefirst electrontrans-
fer from QA to QB (seealsosection3.1), the conformationalchangescalculatedherearerelatively
small. This is not surprising,sinceminimizationis only ableto find the next minimum, but not to
overcomeenergy barriers,which is necessaryto obtainlarger conformationalchanges.To consider
largerconformationalchanges,moleculardynamicsor MC dynamicsmaybeuseful(seechapter4).

3.2.3.3 Total protonation and individual siteprotonation

Table3.10 shows the protonationprobability of all non-standardprotonatedresiduesthat are less
than 25 Å away from the quinones. Furthermore,the differencein total protonationbetweenthe
groundstateQAQB of the bRC and the respective other statesare listed. Significantdifferences
in the protonationpatternnearthe quinonesbetweenthe original structurebeforerelaxation(with
εp=4)andthefinal selfconsistentstructuresafterrelaxation(with εp=2)occurredonly at four residues
(Glu-H177,Glu-H234,His-L211,His-M16). Thehistidineschangedbetweenδ andε tautomer, but
they remainednearlyunprotonated.The two glutamateschangedfrom an intermediateprotonation

Table3.10: Total protonationof thebRCandindividual siteprotonationsat pH 7.5 before
relaxationby energy minimization(εp=4) andafter relaxation(εp=2). All residueswithin a
distanceof 25 Å from oneof thetwo quinonesandwith at least0.05protonsdeviation from
standardprotonationareshown, exceptN-termini of L- andM-chain which arecompletely
deprotonatedin all statesbeforeandafterrelaxation.For histidines,not theprotonation,but
thefractionof δ-/ε-tautomeris given. Theremainingpart (oneminusfractionof δ tautomer
minus fraction of ε tautomer)is the fraction of protonatedhistidine (i. e. with a protonat
the δ-N andat the ε-N). Histidinesprotonatedonly at Nε2 areconsideredto be in standard
protonationandnot includedin thetable.

residue relaxation QAQB Q@ AA QB QAQ@ AB Q@ AA Q@ AB QAQ2AB
before 0.05 0.06 0.05 0.06 0.05

Glu-H45
after 0.00 0.00 0.00 0.00 0.00
before 0.01 0.01 0.01 0.01 0.01

Glu-H97
after 0.03 0.04 0.06 0.04 0.03
before 0.03 0.06 0.59 0.80 0.99

Glu-H177
after 1.00 1.00 1.00 1.00 1.00
before 0.27 0.30 0.26 0.27 0.25

Glu-H234
after 0.98 0.98 0.98 0.99 0.98
before 1.00 1.00 1.00 1.00 1.00

Glu-L104
after 1.00 1.00 1.00 1.00 1.00
before 0.99 0.99 1.00 1.00 1.00

Glu-L212
after 1.00 1.00 1.00 1.00 1.00
before 0.47/0.53 0.50/0.50 0.53/0.47 0.53/0.47 0.58/0.42

His-L211
after 0.86/0.14 0.91/0.09 0.95/0.05 0.95/0.05 0.98/0.02
before 0.25/0.73 0.25/0.72 0.25/0.73 0.25/0.73 0.24/0.74

His-M16
after 0.13/0.87 0.13/0.87 0.14/0.86 0.15/0.85 0.14/0.86
before 0.00 0.14 0.60 0.88 0.97

all1
after 0.00 0.02 0.05 0.02 0.03

1expressedasdifferenceto thegroundstateQAQB, statisticaluncertainty( B 1σ) is B 0.02
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probabilityin theoriginalstructureto a(nearly)completeprotonationin therelaxedstructure.Hence,
our relaxationmethodtendsto stabilizefully deprotonatedor protonatedstates,ascanalsobeseen
lesspronouncedfor mostof theotherresidues.Glu-H177andGlu-H234areresponsiblefor mostof
thechangein total protonationfor theunrelaxed structure.Dueto thedescribedstabilizationeffect,
for the relaxed structures,both residuesarealmostfully protonatedin all bRC states. Hence,the
stabilizationeffect is responsiblefor the muchsmallerchangesin total protonationof the bRC, if
structuralrelaxationis applied(seelast two rows of Table3.10). At a first glance,this effect seems
surprising,sinceadecreaseof electrostaticscreeningby reducingthedielectricconstantof theprotein
from εp=4 to εp=2 will leadto increaseddifferencesin theprotonationpatterndueto changingthe
redoxstateof the quinones.The structuralrelaxationseemsto replacethe dielectricscreeningby
usingthe larger dielectricconstantof εp=4. As a further consequence,changesin total protonation
werereducedto valuesassmallasthestatisticaluncertainty. However, theabsenceof protonuptake
uponchangingof the initial stateQAQB is not in agreementwith experimentalresults. At pH 7.5,
Maróti andWraight (1988)andMcPhersonet al. (1988)measuredboth an total protonuptake of
0.34for thetransitionfrom theQAQB-stateto theQ@ AA QB-stateof thebRCof Rb. sphaeroides. Sebban
et al. (1995)measuredthisvalueat thebRCof Rb. capsulatusto be0.24protons.Usinganunrelaxed
bRCstructure,thecalculatedvalueof thetotal protonuptake agreesbetterwith experimentalresults.
Theprotonuptake for the transitionfrom theQAQB-stateto theQAQ@ AB -statewasdeterminedto be
0.37by McPhersonet al. (1988)and0.90by Maróti andWraight(1988).Bothvaluesweremeasured
with thebRCof Rb. sphaeroides. Theprotonuptake uponthefirst electrontransferfrom QA to QB

(Q@ AA QB C QAQ@ AB ) is therefore0.03(McPhersonet al., 1988)or 0.56(Maróti & Wraight,1988).From
ourcalculations,wegotavalueof 0.46protonswith theunrelaxedstructureand0.03with therelaxed
structures.Hence,in this casetheresultsfrom therelaxedstructuresagreewith themeasurementsof
McPhersonet al. (1988),while theresultsfrom theunrelaxedstructureagreewith themeasurements
of Maróti andWraight(1988).In additionto theproblemthatdifferentexperimentalgroupsobtained
differentresults,acomparisonwith theseexperimentaldatamaybeproblematicdueto thedifferences
betweenthebRC of Rps.viridis usedin our calculationsandthebRC’s of thepurplebacteriaused
in the experiments(Rb. sphaeroidesor Rb. capsulatus). Also a partial protonationof the charged
quinonesmaycontributeto theexperimentalvalues,but wasnot consideredin ourstudy.

3.2.3.4 Energeticsof the electron transfers

We consideredherethefirst andthesecondelectrontransferfrom QA to theunprotonatedQB. The
first electrontransferis the transitionfrom the Q@ AA QB-stateto the QAQ@ AB -state. We calculatedthe
driving force of the electrontransferwith thesetwo structuresusingthe methoddescribedin sec-
tion 3.3 (seebelow). Thereferenceprotonationandredoxstateof bothstructures,usedin theelec-
trostaticcalculationandin the calculationof the relative conformationalenergy, is the statewhere
all titratablegroupsarein their unchargedprotonationstateandthequinonesarein the redoxstate
QAQ@ AB . Theconformationobtainedby minimizing theenergy with thequinonesin theQAQ@ AB -state
is consideredasconformation0 accordingto Figure3.9.Thenweobtained-16kJ/molfor ∆Ghom

conf D l E .
∆GR D 0E is 20 kJ/mol lower than∆GR D nE , so thatGinhom

conf D l E is +4 kJ/mol. We usedthis valueto cal-
culatethereactionenergy of thefirst electrontransfer, yielding -95mV (9.2kJ/mol). If no structural
relaxationwasapplied,i. e. usingonly theoriginalstructurewith εp=4,wecalculatedanenergy value
of -160meV(section3.1.3.2).Experimentallyavalueof about-150meVwasmeasuredfor thebRC
of Rps.viridis (Baciouet al., 1991). Thevaluefrom thecalculationwithout structuralrelaxationis
notnecessarilybetterthanthevalueobtainedfrom thecalculationwith relaxation,sincethedeviation
of bothvaluesfrom theexperimentalvaluearewithin experimentaluncertainty. Baciouet al. (1991)
measuredalsothat theenergy of thefirst electrontransferis approximatelythesameat pH 7.5 and
pH 9. At pH 9, anothergroupdeterminedthis energy to be about-120 meV (Shopes& Wraight,
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1985),which is closerto thevaluecalculatedwith structuralrelaxation.In analogyto theresultsfor
theprotonationpattern,thecalculationof thereactionenergy of thefirst electrontransferyieldssim-
ilar resultswith therelaxationprocedureanda dielectricconstantof εp=2 for theproteinaswithout
relaxationandεp=4.

For thesecondelectrontransfer, thebRCstructuresof thestatesQ@ AA Q@ AB andQAQ2 AB werecon-
sidered.Thereferenceprotonationandredoxstateof bothstructuresis thestatewhereall titratable
groupsarein their unchargedprotonationstateandthequinonesarein the redoxstateQAQ2AB . The
conformationobtainedby minimizing the energy with the quinonesin the QAQ2 AB -stateis consid-
eredasconformation0 accordingto Figure3.9. We obtained+206kJ/mol for ∆Ghom

conf D l E . ∆GR D 0E is

13kJ/molhigherthan∆GR D nE , sothatGinhom
conf D l E is +193kJ/mol.Togetherwith theelectrostaticcalcu-

lation,this resultedin a total reactionenergy of +1,2eV (120kJ/mol)for thesecondelectrontransfer
from QA to theunprotonatedQB. Without relaxation(section3.1.3.3),wecalculatedanenergy value
of +1,1eV (110kJ/mol). Again,without structuralrelaxationandεp=4, theresultsaresimilar to the
resultswith structuralrelaxationandεp=2. Theresultalsosupportsourconclusionfrom section3.1,
wherewefoundthatthereactionenergy for thesecondelectrontransferfrom QA to theunprotonated
QB is too large to allow a doubly reduced,unprotonatedQB asa thermallyaccessibleintermediate.
Hence,thesecondelectrontransferwill notoccurbeforeprotonationof thesingly reducedQB. Even
with explicit considerationof structuralrelaxation,our conclusionsobtainedfrom unrelaxed bRC
structuresremainunchanged.

3.2.3.5 The dielectric constantwithin the protein

Thevalueof thedielectricconstantεp taken for theproteinvariesconsiderably, rangingfrom εp=1
(Mueggeet al., 1996;Scarsiet al., 1997)to εp=20 andlarger (Warshelet al., 1984;Antosiewicz
et al., 1994;Demchuk& Wade,1996). A high dielectricconstantseemsto yield betteragreement
with experimentaldata,if simplifieddescriptionsof theproteinchargesareused(Antosiewicz et al.,
1994). In thosecalculations,theprotonationof a titratableaminoacidis modeledby simply placing
aunit chargeatacentralatomof thetitratablesite.With amoredetailedchargemodel,whereseveral
atomicpartial chargesof the titratableresiduearechangeduponprotonation,goodagreementwith
experimentaldatawasachieved by usinga dielectricconstantof εp=4 (Bashfordet al., 1993;An-
tosiewicz et al., 1996).Apparently, thelargevalueof thedielectricconstant(εp F 20)wasnecessary
to compensatetheeffectsfrom an unrealisticcharge distribution, wherea unit charge is placedat a
centralatomof the titratablesite. Thedielectricconstantof εp=4 canberationalizedasfollows: A
factorof 2 accountsfor theeffectsof electronicpolarization,anotherfactorof 2 or morefor theeffects
of nuclearpolarization,i. e. for the reorientationof dipolesanddisplacementsof atoms(Warshel&
Russel,1984;Warshel& Åqvist, 1991;Honig & Nicholls,1995;Warshelet al., 1997).Themethod
presentedhereconsidersreorientationandrelaxationeffectsexplicitly. Theapplicationdemonstrates
thattheresultsfrom aconventionalcalculationwith adetailedchargemodelandadielectricconstant
of εp=4 without structuralrelaxationaresimilar to the resultsfrom a calculationwith a dielectric
constantof εp=2 with structuralrelaxation.Thus,our resultssupporttherationalizationgivenabove.

Anotherinterestingstudyto understandthevalueof εp wasdoneby DemchukandWade(1996).
They analyzedthedependenceof calculatedpKa valuesonthedielectricconstantcarefullyandmade
the interestingobservation thata largedielectricconstantled to betteragreementswith experiments
for residuesthat areon the surfaceof the proteins,while for residuesthat areburied in the protein
betterresultswereobtainedwith a smalldielectricconstant.This observation is in goodagreement
with calculationof thedielectricconstantsin proteins(Simonsonet al., 1992;Simonson& Perahia,
1995a,1995b;Simonson& Brooks,1996). The dielectricconstantat the moreflexible surfaceof
proteinsturnedout to be about10 to 20, while it was about2 to 4 in the interior of the protein.
Considerationof individualwatermoleculesin computationsof pKa valuesin proteinsdonotimprove
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theagreementwith experimentalresults(Gibas& Subramaniam,1996). This resultmay be dueto
theunknown orientationof watermoleculesin crystalstructures(Ullmannet al., 1996;Rabenstein
et al., 1998b,1998a;Kanntet al., 1998).Furthermore,watermoleculesmayreorientwhenanearby
titratablegroupchangesits protonation.A promisingmethodto includethis in titration calculations
wasappliedby Alexov andGunner(1999).

3.2.4 Concluding remarks

We have to keepin mind thatwith thepresentprocedureto calculateprotonationpatternsthe initial
protonationpatternobtainedwith the higherdielectricconstantεp G 4 andthe unrelaxed structure
tendsto bestabilized,evenif thisprotonationpatternis wrong.A relatedeffectcouldbeobservedby
Wlodeket al. (1997).

Individual titratablegroupsthatarepartially protonatedin theunrelaxedproteinstructuretendto
befully protonatedor deprotonatedin theselfconsistentlyrelaxedstructure,leadingto astructureand
protonationpatternof lower energy. This maybea resultof thestructuralrelaxationmethod,where
the protonationpatternand the structureareenergetically minimized,correspondingeffectively to
a dynamicat vanishingtemperatureandthereforecorrelatingstructureandprotonationpatterntoo
strongly. With an molecularensembleat non-vanishingtemperature,thesecorrelationsarereduced
dueto suitableentropiccontributions. Suchanensemblecannotbegeneratedeasilywith molecular
dynamicssolvingNewton’sequationof motion.DuringanMD simulation,it is impossibleto change
theprotonationpatterndiscontinuously. Thisproblemdoesnotoccurwith MC dynamicsaspresented
in chapter2. A combinationof titrationandMC dynamicsis outlinedin chapter4.

MC dynamicswill alsosolveanotherproblemwhichappearswith structuralrelaxationby energy
minimization.In contrastto energy minimization,MD andMC dynamicsareableto overcomeenergy
barriers.This is oftennecessary, evenif only apparentlysmallconformationalchangesareinvolved.
To demonstratethis, we tried to calculatealsothe energeticsof protonationreactionsof the QB in
thebRC (resultsnot shown). Our relaxationprocedurewasnot ableto give energetically favorable
selfconsistentstructuresfor theprotonatedstatesof QB, sothatthestateswhereQB wasunprotonated
werefavoredstronglyagainstthosestateswhereQB wasprotonated,resultingin anunrealistichigh
energy for the protonationof QB. A similar resultwasobtainedby Cometta-Moriniet al. (1993),
who alsoapplieda minimizationschemefor structuralrelaxationandfound that thesingly reduced
QB is completelydeprotonatedover thepH rangefrom 6 to 11. Assumingthatfor theprotonationof
QB aconformationalenergy barriermustbeovercome,energy minimizationis notsufficient to obtain
properly relaxed structures. Therefore,a relaxationprocedureneedsto be appliedthat generates
proteinconformationsatnon-vanishingtemperatures.

3.3 Titration of an ensembleof protein conformations

3.3.1 To be investigated:carbonmonoxymyoglobin

Myoglobin is one of the most widely studiedproteins. Numerousx-ray structureswith different
myoglobinligandsandunderdifferentphysicalconditionsweresolvedin thepast.In thissection,we
focuson a setof structuresof spermwhalecarbonmonoxymyoglobin (MbCO) that arepreparedat
pH valuesof 4, 5, and6 (Yang& PhillipsJr., 1996).Thissetof structuresshows thatat low pH, His-
64 – an importantresiduefor O2 specificity(Springeret al., 1994)– swingsout of theCO binding
pocket. It is assumedthat a protonationof His-64 goesalongwith this remarkableconformational
change(Yang& Phillips Jr., 1996;Johnsonet al., 1996).

The protonationbehavior of myoglobin has beenstudiedextensively by theoreticalmethods
(Shireet al., 1975;Bashfordet al., 1993;Yang& Honig,1994;Sandberg & Edholm,1999).How-
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Figure3.10: Heme,CO ligand,andsidechainsof His-64andHis-93from thethreeMbCO
x-ray structuresat pH 4, 5, and6. Hydrogenatomsof thehemearenot drawn for thesake
of clarity. Themainfeatureof thestructuralchangesis therotationof His-64out of theCO
binding pocket at low pH. Accordingto our results,protonationof His-64 goesalongwith
this rotation.TheunprotonatedHis-64preferstheε tautomericform.
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ever, in thesestudiesconformationalflexibility wasnot consideredexplicitly.

3.3.2 Methods

To take into accountthestructuraldifferenceswithin thesetof x-ray structures,thecontinuumelec-
trostaticsmethodmustbe extendedto includean ensembleof multiple conformations(Ullmann &
Knapp,1999).Therearenumerousapproachesto includemultiple conformationsin thecalculations
of protonationbehavior (Buonoet al., 1994;You & Bashford,1995;Beroza& Case,1996;Sham
et al., 1997;Schaeferet al., 1997; Alexov & Gunner, 1997,1999). However, thesemethodsare
not feasiblehere,sincethey accountonly for conformationalchangesof titratablegroups,explicitly
simulatedwatermolecules,and/orhydrogens.Here,a small numberof proteinstructuresis given
with completelydifferent setsof atomiccoordinates.Hence,not only atomsof the backboneand
non-titratablegroupsaredisplaced,but alsothe dielectricboundaryis changed.In this section,we
presentanew methodto treata givenensembleof asmallnumberof arbitrarilydifferentconformers
of aprotein.

3.3.2.1 Coordinatesand parameters

In ourcalculations,weusedx-raystructuresof spermwhalecarbonmonoxymyoglobin (MbCO)atpH
values4, 5, and6 (Yang& PhillipsJr., 1996).ThePDBidentifiersandresolutionsof thesestructures
are1speand2.0Å for pH4, 1vxc and1.7Å for pH5, and1vxf and1.7Å for pH6. For theresidues
79 to 81, the structures1speand 1vxc containtwo alternative conformationsA andB, which we
consideredseparately. Thus,wegotfivedifferentstructurescalledin thefollowing 4a,4b,5a,5b,and
6,with thedigit correspondingto theirrespectivepH valueof preparationandthelettercorresponding
to the conformationof the residues79 to 81. As before,we removed the sulfate ion andall water
moleculesfrom eachstructure.We consideredastitratablegroupstheC-terminus,theN-terminus,
the two propionatesof the heme,and all aspartates,glutamates,arginines, lysines,tyrosines,and
histidines,with theexceptionof His-93,whichcoordinatesthehemeiron andis thereforeconsidered
to benon-titrating.Differentto theextended-atommodelusedbefore,weusedfor MbCOanall-atom
modelwhereall hydrogenatomsweretreatedexplicitly with theexceptionof thehydrogenatomof
protonatedcarboxylgroups.In thiscase,thehydrogenatomwastreatedimplicitly by distributing its
chargesymmetricallyto thetwo oxygenatomsof thecarboxylgroup. Thecoordinatesof hydrogen
atomsweregeneratedwith CHARMM (Brookset al., 1983).Thepositionsof hydrogenatomswere
energetically optimizedusingthe CHARMM programwith the CHARMM22 force field (MacKerell
et al., 1992),while theheavy atompositionswerefixed. For this optimization,all titratablegroups
werein their standardprotonation(i. e., aspartate,glutamate,heme-propionateand the C-terminus
unprotonated,arginine,histidine,lysine,tyrosineandtheN-terminusprotonated).All atomicpartial
charges,includingthatof theheme,andtheatomicradii weretakenfrom theCHARMM22 forcefield
(MacKerell et al., 1992). However, we neededto applysomemodificationsandendorsements:As
mentionedabove,theprotonof protonatedcarboxylgroupsis notrepresentedexplicitly, but simplyby
symmetricallydistributing its charge to theatomsof theunprotonatedcarboxylgroup(Table3.11).
We did this sincewe cannotknow the exact binding site of the proton. A moredetailedapproach
would be to introducemore than two statesfor a titratablegroup similar to the way it was done
for histidineshere(Bashfordet al., 1993; Beroza& Case,1996; Alexov & Gunner, 1997). For
similar reasons,thedeprotonationof Arg, Lys,andtheN-terminuswasrepresentedby symmetrically
removing a unit positive charge from theatomsof thetitratablegroup(Table3.11). For thecharges
of deprotonatedtyrosine,which arenot partof theCHARMM22 parameterset,we basedour charges
on quantumchemicalcalculationsasdescribedabove. Atomic partialchargesthatarenot explicitly
partof theCHARMM22 parametersetarelistedin Table3.11.
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Table3.11:Atomic partialchargesof titratablegroups.

Group protonateddeprotonated

Carboxyl(exceptC-term.)
C-α -0.21 -0.28
carboxylC 0.75 0.62
carboxylO (2x) -0.36 -0.76

C-terminus
carboxylC 0.34 0.34
carboxylO (2x) -0.17 -0.67

Arginine
N-ε -0.70 -0.81
C-ζ 0.64 0.71
guanidinoN (2x) -0.80 -0.90
guanidinoH (4x) 0.46 0.27

Lysine/N-terminus
aminoN -0.30 -0.97
aminoH (3x) 0.33 0.22

Tyrosine
C-ζ 0.11 -0.18
hydroxylO -0.54 -0.82
hydroxylH 0.43 0.00

3.3.2.2 Titration of singleconformers

First,wecalculatedtheprotonationpatternof all fivestructuresseparately. Thiswasdoneasdescribed
before. For thesolvation of thePBE,we performedthis time grid focussing(Klapperet al., 1986)
in two steps. Initially, we useda 80 Å-cubewith a 1.0 Å lattice spacingcenteredat the geometric
centerof theprotein,followedby a20Å-cubewith a0.25Å latticespacingcenteredattheconsidered
titratablegroup.All otherparameterswerethesameasin thepreviouscalculations.

Thenumberof titratableresiduesof MbCOis only 73,notabout200asfor thebRCabove. How-
ever, thenumberof possibleprotonationstatesis still too large to be calculatedexactly. Therefore,
we usedagaintheMC samplingwith thesameparametersasbefore.However, this time we did one
completesamplingfor each0.1 pH incrementin the rangefrom pH 3 to pH 7. For eachsampling,
we performed10,000full scansandafter that100,000so-calledreducedscans.Thestatisticalerror
for eachsinglegroupwassmallerthan0.003,andthestatisticalerrorof the total protonationof the
wholemyoglobinwasalwayssmallerthan0.05protons.

3.3.2.3 Titration of a conformational ensemble

To accountfor conformationalvariability in computationsof electrostaticenergies,Eq. 3.1 mustbe
modified,yieldingEq.3.19,which is theenergy Gn H l of theprotonationstaten in acertainconforma-
tion l (Ullmann& Knapp,1999).

Gn H l G N

∑
µI 1 J D xn

µ K xo
µ E RT ln10D pH K pK l

intr H µ E7L N

∑
ν M µ

Wl
µν D xn

µ K xo
µ E D xn

ν K xo
ν E�NOL ∆Gl

conf (3.19)
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TheinteractionparameterspK l
intr H µ andWl

µν dependnow on theactualconformationl . Theconforma-

tionalreferenceenergy ∆Gl
conf G Gl

conf K Gr
conf is theenergy differencebetweenanarbitrarilychosen,

albeitfixed,referenceconformationr andtheactualconformationl . For thecomputationof ∆Gl
conf ,

theproteinmustbein its referenceprotonationstatefor bothconformationsr andl , i. e., all titratable
groupsarein their unchargedprotonationstate. If thereareL conformationsin the conformational
ensemble,thetotalnumberof combinedprotonationandconformationalstatesis L P 2N (with N being
thenumberof titratablegroups).Thethermodynamicaveragein Eq. 3.7 mustnow beevaluatedfor
all L P 2N statesyieldingEq.3.20(Rabensteinet al., 1998a).

Q
xµ R G L

∑
l I 1

2N

∑
nI 1

xn
µexp D K Gn H l S RT E

L
∑

l I 1

2N

∑
nI 1

exp D K Gn H l S RT E (3.20)

Theoccupationprobabilityαm of a certainconformationm within theconformationalensemblecan
alsobecalculatedby a thermodynamicaverage:

αm G 2N

∑
nI 1

exp D K Gn H m S RT E
L
∑

l I 1

2N

∑
nI 1

exp D K Gn H l S RT E (3.21)

Again, the thermodynamicaveragecan only be calculatedanalytically for a small numberof
titratablegroupsandconformationsasit wasdoneby Rabensteinet al. (1998a). However, in the
caseof MbCO, thenumberof titratablegroupsis N G 73 andthenumberof conformationsis L G 5,
so that the numberof statesis 5 P 273. We sampledalsothis increasednumberof statesby an MC
method. We did this by introducingconformationalMC moves in addition to the titration moves.
However, in doingso,theconformationalsamplingproved to benot efficient enough.To overcome
thisproblem,we appliedparalleltempering(Geyer, 1991).

3.3.2.4 Parallel tempering

In paralleltempering(Geyer, 1991),theMC simulationis not performedfor a singlesystem,but for
I non-interactingsystemsin parallel. Eachsystemis a copy of the original singlesystemwith the
only differencein temperatureT. Thesystemsarenumberedfrom 1 to I in awaythatTi T 1 U Ti (with
0 V i W I ). Titration andconformationalmovesareappliedasbeforeto eachof theparallelsystems
independently. However, athird kind if moveis introduced,aso-calledtemperingmove(Figure3.11).
This move exchangestheprotonationstateXxi andtheconformationl i of a randomlyselectedsystem
i (i W I ) with theprotonationstateXxi T 1 andtheconformationl i T 1of systemi L 1. A temperingmove
is acceptedwith theprobability

p G min Y 1 Z exp [ RA 1 [ T A 1
i K T A 1

i T 1 \ D Gi K Gi T 1 E \^] (3.22)

whereGi is theenergy Gn H l accordingto Eq.3.19for thecurrentprotonationstaten andconformation
l of systemi. Theparalleltemperingprocedureyields for eachparallelcopy a canonicalensemble
at thecorrespondingtemperature.Although thesimulationof severalensemblesis morecostly, the
temperingmovesdecreasethe correlationwithin eachensembleandhencedecreasethe statistical
error. Parallel temperingcanalsobeusedto improve theMC samplingof peptideconformationsas
describedin chapter2 (Hansmann,1997).

In our MC simulationsfor the completesetof ensemblesfor all five myoglobinstructures,we
appliedparalleltemperingat thetemperatures300K, 400K, 533K, 711K and948K. For theevalu-
ationof our results,we consideredonly thesimulationdataat 300K. We addedonetemperingmove



3.3. TITRATION OF AN ENSEMBLEOF PROTEIN CONFORMATIONS 71

β1 β2 β3 βn...> > > >
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normal MC move

p=min(1, e - β∆E)

system change move

p=min(1, e - ∆β∆ E)

Figure3.11:Schemeof anMC simulationwith paralleltempering.

andtenconformationalmovesperMC scanof conventionaltitration moves. For eachsampling,we
performed2,000full scansand 100,000reducedscans,leadingto a statisticalerror (at 300K) of
lessthan0.02for theprotonationprobabilityof singlegroups,of lessthan0.1 protonsfor the total
protonationof myoglobin,andof lessthan0.02for theoccupancy of individual conformations.

3.3.2.5 Conformational referenceenergy

For the MC samplingof the conformationalensemble,reasonablevaluesfor ∆Gl
conf are required.

Thesevaluescan in principle be obtainedfrom a moleculardynamicsforce field like CHARMM

(Rabensteinet al., 1998a;Ullmann & Knapp,1999),asthis wasdonein section3.2. However, it
is unlikely thatthis methodwill give reasonableresultsin thecaseof thedifferentMbCO structures.
Thesestructuresarederivedfrom crystallographicdataandthereforeinevitably involve smalluncer-
taintiesin theatomiccoordinates.Smallstructuralchangeswithin theseuncertaintiescanchangethe
energy valueobtainedfrom a forcefield dramatically. Onecouldtry to solve this problemby adjust-
ing thestructuresaccordingto theforcefield used,e. g. with anenergy minimization.It is, however,
questionable,in which way this shouldexactly bedonewithout introducinganuncontrolledbiasof
the results. Therefore,we decidedto useanothermethod,wherea modificationof the given x-ray
structureswasnotnecessary.

First, we determinedthe ∆Gl
conf valuesonly within the two alternative conformationsin the x-

ray structurefrom pH 4 (4a and 4b) and in the x-ray structurefrom pH 5 (5a and 5b), i. e. we
simulatedtwo-memberensemblesconsistingof 4a and4b or of 5a and5b. The occupancy of the
two conformationswasdeterminedby thecrystallographersto be 0.78for 4a,0.22for 4b, 0.76for
5aand0.24for 5b. Our aim wasto find ∆Gl

conf valuesthatreproducetheseoccupancies,denotedas

αl
target , in themulti-conformationalMC sampling.We achieved this by an iterative method.We did

first MC simulations(onefor 4a/4b,onefor 5a/5b)wheretheinitial valueof ∆Gl
conf wassetto zero.

ThepH-valuefor thesesimulationswerethesameasthosefor thepreparationof thex-raystructures,
i. e. pH 4 for 4a/4b,pH 5 for 5a/5b. Fromthecalculatedoccupanciesαl

calc of theconformations,a
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correctionenergy ∆Gl
corr wasderivedby Eq.3.23,whichwasaddedto ∆Gl

conf .

∆Gl
corr G RT ln

αl
calc

αl
target

(3.23)

If our initial MC samplingwerenot afflicted with a statisticalerror, thecorrectedvaluesfor ∆Gl
conf

would be thosewe werelooking for. However, thereis a statisticalerrorof αl
calc, andthe resulting

errorof ∆Gl
corr is especiallylarge if αl

calc is nearto zeroor unity. Sowe iteratively repeatedtheMC
simulationswith thecorrected∆Gl

conf valuesto getnew valuesfor ∆Gl
corr . We did this until theroot

meansquaredeviation (rmsd)of thecalculatedoccupanciesαl
calc comparedto thetargetoccupancies

αl
target was smaller than 0.01, which was fulfilled after one to three iterations,dependingon the

calculation.For convenience,we shiftedthe∆Gl
conf valuesadditively aftereachiterationsothat the

shiftedvaluesfor 4aand5awerealwayszero.As shifted∆Gl
conf valuesfor theotherconformations,

weobtained6.78kJ/molfor 4b and-0.11kJ/molfor 5b.
In the next step,we determined∆Gl

conf valuesfor the samplingof all conformationstogether.
Again we appliedan iterative methodasbefore.Theproblemis, thatvaluesfor thetargetoccupan-
ciesarenot directly availablefrom experiment.Therefore,we assumed,that,averagedover thepH
rangefrom 3 to 7, all threegroupsof structures,4a/4b,5a/5b,and6, arerepresentingequallywell
the completeensembleof the infinite numberof possiblemyoglobinconformations.Hence,their
occupancy integratedover thispH rangeshouldbeequal(1/3). With thisassumption,wecouldapply
theiterative methodasbeforewith only a few modifications:Theoccupancy of aconformationαl

calc
is now calculatedby integratingthecalculatedoccupancy atacertainpH αl

pH over thepH rangefrom
3 to 7:

αl
calc G pH7_

pH3

αl
pHdpH (3.24)

For this calculation,the occupanciesof 4a and4b (or 5a and5b, respectively) werealwaysadded
together. Their relative ∆Gl

conf valueswerefixedto thevaluesgivenabove. Theinitial guessfor the

∆Gl
conf valueswas-100kJ/molfor 4aand-5kJ/mol for 5a. Thevaluefor structure6 wasfixedto be

zero. The resulting∆Gl
conf valueswere-98.29kJ/mol for 4a, -91.51kJ/mol for 4b, -2.05kJ/mol for

5a,-2.16kJ/molfor 5b,and0.00kJ/molfor 6.

3.3.3 Resultsand Discussion

3.3.3.1 Population of the conformers

Thecalculatedpopulationprobabilityof theconformers4a,4b, 5a,5b, and6 is plottedover thepH
rangefrom 3 to 7 in Fig. 3.12. Indeed,conformer6 hasits maximumpopulationat thehighestpH
valueandconformers4a and4b aremostpopulatedat the lowestpH value. Conformers5aand5b
show a maximumof their populationprobabilityat intermediatepH values.For 5b, this maximum
is locatedasexpectedat aboutpH 5, whereasfor 5a, it is shiftedto a higherpH of about6. This
differenceis remarkablesincethe two conformersdiffer only at the residuesLys-79,Gly-80, and
His-81 andthe root meansquaredeviation (rmsd) is low (seeTable3.12). However, the shapesof
thepopulationcurvesof thecorrespondingconformerpair4aand4b differ less.Also thedifferences
between4a/4bandtheotherconformersis not surprisingsincethereis a larger rmsdof about1.1Å
andtheextremedisplacementof theHis-64sidechain.Theconformationaldifferencesbetween5a/5b
and6 arelesspronounced,but neverthelesstheshapesof theirpopulationcurvesarequitedifferent.

In summary, we concludethat our methodwasableto calculatepopulationprobabilitiesof the
MbCO conformersthat arequalitatively correctandconsistentwith the experimentalconditionsof
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Figure3.12:Calculatedpopulationprobabilitiesof thedifferentconformersin thepH range
from 3 to 7.

Table3.12:Rootmeansquaredeviations(rmsd)in Å for thefive x-raystructuresof MbCO
consideredin this work. Eachtwo comparedstructureswerealignedusingthealgorithmof
Kabsch(1976).

4a 4b 5a 5b 6

4a 0.00 0.20 1.09 1.07 1.07
4b 0.20 0.00 1.09 1.08 1.06
5a 1.09 1.09 0.00 0.16 0.63
5b 1.07 1.08 0.16 0.00 0.65
6 1.07 1.06 0.63 0.65 0.00
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thex-ray structuredetermination.Thesepopulationprobabilitiesaresensitive to evensmallconfor-
mationalchanges.

3.3.3.2 Titration behavior of individual sites

Dependingon thetitratablesite,thetitration curvesaremoreor lesssimilar for thedifferentconfor-
mations.For somesites,however, thereareextremedifferences.This is thecasefor His-64,which
featurestheswingout of theCO bindingpocket at low pH values.Fig. 3.13shows theprotonation
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Figure3.13:Left panel: Protonationprobabilityof His-64for theconformers4aand6, and
for all conformerstogether(total). Theprotonationprobabilitiesfor theotherconformersare
not shown sincethey arevery similar to 4a (4b) or 6 (5aand5b). Rightpanel: Population
probabilityof thetautomersof His-64,consideringall conformerstogether.

probability of His-64 for differentconformers.For the conformers5a, 5b, and6, His-64 is nearly
unprotonatedat all pH values.For theconformers4aand4b,whereHis-64hasswungout of theCO
binding pocket, it is partially protonated,up to 80% at low pH-values,but even at high pH-values
nearly50%. If all conformersareconsideredtogether, theprotonationof His-64is closelycorrelated
to thepopulationprobabilityof conformers4aand4b(Fig. 3.12)andthuswith therotationof His-64.
This is in agreementwith experimentalfindings (Yang& Phillips Jr., 1996). The δ-protonof the
protonatedHis-64 in the 4a/4b-conformationis in hydrogenbonddistance(1.8Å) to the backbone
oxygenof Asp-60.Thedistanceof theδ-protonto thecarboxygroupof Asp-60,which is according
to our resultsnegatively chargedat all pH values,is 3.7Å. Thehydrogenbondandtheelectrostatic
attractionbetweenthepositively chargedHis-64andthenegatively chargedAsp-60mayberespon-
sible for pulling the protonatedHis-64 out of the binding pocket. In the conformers5a,5b, and6,
His-64is not involved in any stronghydrogenbondwith theproteinmoietyor theheme.(However,
hydrogenbondingto watermoleculesin cavities of theproteinis still possible.In thex-raystructure,
watermolecule35 (structure6) or watermolecule36 (structure5a/b)is in hydrogenbonddistance
(3.1Å or 2.7Å, respectively) to Nδ of His-64.) In ourcalculations,wealsodeterminedthepopulation
probabilitiesfor the two tautomersof histidine. Our result for His-64 is shown in Fig. 3.13. The
unprotonatedHis-64preferstheε-tautomer, which is alsoreflectedin Fig. 3.10on page67.

The titratableresiduesLys-79andHis-81aredirectly involved in theconformationaldifference
between5aand5b, or 4aand4b, respectively. Their titration behavior maybea key to understand
thedifferentshapesof the5aand5b populationcurvesin Fig 3.12. Lys-79is completelyprotonated
for all consideredpH-valuesandconformers.Thetitration behavior of His-81is shown in Fig. 3.14.
Althoughthe titration curvesfor theconformers4aand4b aresimilar, thecurvesfor 5aand5b are
muchmoredifferent:The5b curve resemblesmorethecurvesfor 4aand4b,whereasthe5acurve is
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Figure 3.14: Protonationprobability of His-81 (left) and His-82 (right) for the different
conformersandall conformerstogether(total).

similarto thecurvefor conformer6. Thereareextremedifferencesbetweentheaandb conformations
in both cases(4a/4band5a/5b)for the neighboringresidueHis-82 (Fig. 3.14). The titration curve
of 4a is similar to thatof 5b, andthe titration curve of 4b is similar to thatof 5a. So thecurvesare
swappedbetweenthemorepopulatedaconformationsandthelesspopulatedb conformations.

3.3.3.3 The strongly coupledpair His-24/His-119

As discussedby Bashfordet al. (1993),theε nitrogenatomsof His-24andHis-119arein hydrogen-
bonddistanceandthe two residuesconstitutea stronglycoupledpair of titratablegroups. During
titration,they effectively sharetheirε-proton.Protonationof bothresiduesatthesametimepracticallz
doesnotoccur. In theunprotonatedstate,His-24adoptsnearlycompletelytheδ tautomericform. The
ε-tautomerof His-24 is nearlyunpopulated.If andonly if His-24 is protonated,His-119adoptsthe
δ tautomericform. So only threestatesare practically occurring: pδ, δp, δε (Fig. 3.15). A “p”
meansprotonated,“δ” representstheδ-tautomer, and“ε” theε-tautomer. Thefirst letterdenotesthe
protonationstateof His-24, the secondthat of His-119. The statespδ andδp areequivalent, if the
ε-protonis consideredasshared.This behavior is illustratedin Fig. 3.16.

3.3.3.4 Comparison of calculated pKa valueswith experimental valuesand other theoretical
studies

ThereareexperimentallydeterminedpKa valuesfor mostof thehistidinesandtyrosinesin MbCO.
Thevaluesfor Tyr-103andTyr-151weredeterminedby Wilbur andAllerhand(1976)to be10.3and
10.5,respectively. Thesevaluesareout of thepH rangewe consideredhere(pH 3–7). Accordingto
our calculations,both tyrosineresiduesareprotonatedover thewholeconsideredpH range.This is
in agreementwith theexperimentalfindings.

More interestingis the comparisonof the histidinevalues. They are listed in Table3.13. Our
calculatedvaluesarecomparedto experimentalvaluesandcalculatedvaluesfrom othermodels.In
thenull model,thepKa valuesaresimply setto thepKa valuesof themodelcompoundsin aqueous
solution.Here,theδ oderε tautomeris chosenaccordingto experimentalresults.In theuniform-80
model(Sandberg & Edholm,1999),an electrostaticcalculationis donewith the dielectricconstant
uniformly setto ε G 80 everywhere.SCPBdenotesa single-conformerPoisson-Boltzmanncalcula-
tion (Bashfordet al., 1993).DaPDS(DistanceandPositionDependentScreening)is a new method
to calculateprotonationsstatesin proteins(Sandberg & Edholm, 1999). It is basedon empirical
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Figure3.15: Structuralrepresentationof the of the stronglycoupledpair His-24/His-119
with thethreeoccurringprotonationstatespδ, δp, andδε explainedin text.
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Figure3.16:Populationprobabilitiesof thethreepossiblestatesof thestronglycoupledpair
His-24/His-119(seetext). Sincepδ andδp areconsideredto beequivalent,alsotheir sumis
shown.
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Table3.13:ExperimentalandcalculatedpKa valuesof histidinesin MbCO.

residue experimental calculated
null1 uniform 806 SCPB7 DaPDS8 thiswork

His-12 6.33 6.6 5.78 5.57 6.54 U 7 ( ` 7.29)
His-242 — 6.6 6.05 — 7.46 —
His-36 8.03 7.0 6.89 6.24 7.27 U 7
His-48 5.33 6.6 6.16 4.79 6.74 5.09
His-64 W 53 / 4.64 6.6 5.63 -2.90 6.30 3.43
His-81 6.63 7.0 6.81 6.87 7.21 U 7 ( ` 7.19)
His-82 W 53 6.6 5.82 -2.29 6.60 4.04
His-97 5.63 6.6 6.18 6.73 7.05 6.32
His-113 5.43 6.6 4.96 4.26 6.08 4.36
His-116 6.53 6.6 6.36 6.22 6.89 6.28
His-1192 6.13 6.6 5.39 3.34 5.74 4.35
rmsd5 0.0 1.09 0.62 2.92 1.08 0.77
1 unmodifiedpKa valuesof modelcompound,δ or ε accordingto experimentalresults
2 His-24andHis-119arestronglycoupled,seetext
3 Bashfordet al. (1993)
4 FuchsmanandAppleby(1979)
5 comparedto experimentalvaluesandincludingonly residuesprintedin italics
6 continuumelectrostaticswith ε a 80everywhere(Sandberg & Edholm,1999)
7 Poisson-Boltzmanncalculationsimilar to thiswork but with a singleconformer(Bashfordet al., 1993)
8 DistanceandPositionDependentScreening, asimpleelectrostaticmodel(Sandberg & Edholm,1999)
9 extrapolated
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screeningfunctions(Warshelet al., 1984)andis muchsimplerandthusfasterthanmethodswhere
thePoisson-Boltzmannequationmustbesolved. For eachmodel,we calculatedthermsdcompared
to the experimentalvalues. In the calculationof the rmsd,we includedonly histidineresiduesfor
whichanexperimentalpKa valuein therangefrom 3 to 7 couldbedetermined.In addition,weomit-
tedthestronglycoupledpair His-24andHis-119dueto their specialtitration behavior (s.a.),which
doesnot allow to assigna well-definedpKa valuefor eachof theseresidues.Thatis alsoreflectedin
experimentalfindings(Bashfordet al., 1993).Accordingto our results,His-12andHis-81havepKa

valuesgreaterthan7, which is outof therangeof ourstudy. However, thepointof half protonationis
nearlyreachedat pH 7, sothatwe couldextrapolatea pKa valuefor theseresiduesandincludethem
in thermsdcalculation.Thelowestrmsdvaluefor thenon-trivial modelsis reachedwith ourmethod
(Table3.13). The low rmsdvalueof theuniform-80modelis not surprisingsincetheexperimental
pKa valuesareall not far from themodelcompoundpKa valuesandtheuniform-80modeltrivially
providespKa valuescloseto themodelcompoundvalues.EspeciallyinterestingarethepKa values
for His-64, which performsthe swing out of the binding pocket. The SCPBcalculation(Bashford
et al., 1993),which usedan x-ray structurepreparedat intermediatepH (Kuriyan et al., 1986),
whereHis-64is situatedinsidetheCObindingpocket, showsavery low pKa valueasthis is alsoim-
plied by our calculationif only theconformers6, 5aor 5b areconsidered(Fig. 3.13). If we consider
theensembleof all five conformers,the calculatedpKa valueof His-64 is in reasonableagreement
with theexperimentalresult.TheDaPDScalculation(Sandberg & Edholm,1999)yieldsa high pKa

valuefor His-64 of 6.30 althoughit usesthe samex-ray structureas the SCPBcalculation,where
His-64is situatedinsidetheCO bindingpocket andshouldbemostlyunprotonated.This constitutes
anexamplewheresimplemethodslike theuniform-80modelor empiricalmodelslike DaPDSyield
on theaverageresultsin reasonableagreementwith experimentalfindings,but do notprovide anun-
derstandingof the underlyingmolecularmechanism.The calculationof pKa valuesby solving the
PBEmaysometimesrun into difficultiesandyield deviating results,but is capableto unveil what is
goingon in themorespecialsituations,whichmaybecrucialto understandproteinfunction.

Bashfordet al. (1993)reportedastrongdependency of thePoisson-Boltzmannresultsontheused
parameterset,i. e. atomicpartialchargesandatomicradii. They showedthatchoosinganappropriate
parameterset can improve the reliability of the resultssignificantly. The CHARMM22 parameter
set,which wasappliedhere,wasnot specificallydesignedfor continuumelectrostaticscalculation,
but ratherfor moleculardynamicsat ε G 1 andwith an explicit solvent (if any). So possiblyour
resultscouldbe improved even further, if theparametersetweretunedfor continuumelectrostatics
calculations.However, our resultspresentedhereandalsoin anotherwork (Vagedeset al., 2000)
suggeststhat theCHARMM22 parametersetis alreadyquitewell suitedfor continuumelectrostatics
calculations.

3.3.3.5 Implications for the assignmentof taxonomic substates

Threetaxonomicsubstatesof MbCO canbedistinguishedby infraredspectroscopy: A0, A1, andA3.
A0 is morepopulatedat low pH, whereasA1 andA3 arepresentat higherpH (Johnsonet al., 1996).
The A0 substateis usuallyassignedto the protonatedHis-64 rotatedout of the CO binding pocket
(for further discussionseeJohnsonet al. (1996)andreferencescited therein). This assignmentis
also in agreementwith our results. In general,A1 is the dominantsubstateat pH 5.7 in solution
(Johnsonet al., 1996). Ray et al. (1994)assignedA1 to the ε-tautomerof His-64, andA3 to the
δ-tautomer. Jewsbury andKitagawa(1994)criticizedthisassignmentbasedon their MD simulations
andsuggestedit theotherway round,i. e. A1 is theδ-tautomerandA3 is theε-tautomer. Our results,
however, supportthe model of Ray et al. (1994) sincethe ε-tautomeris preferredat higher pH
(Fig. 3.13on page74).


