Chapter 3

Titration

In this chapter| will describeseveral methodsandapplicationsof calculatingthe titration behaior
of proteins,i. e. the protonationprobability of eachof their titratablegroupsat differentpH values.
Togethemvith titratablegroups alsoredoxgroupsaretreatechere sinceredoxtitrationis in principle
very similar to conventional pH titration. The chapterstartswith the titration of single, rigid pro-
tein structuresand proceedswith differentmethodsof introducingconformationalflexibility in the
calculations.

All methodsareillustratedby applicationgo bacterialphotosyntheticeactioncentersandmyo-
globin. Theresultspresentedhereinclude alsoenegeticsof electronand protontransferreactions
andshav implicationsof protonatiorandconformationathangegor proteinfunction.

3.1 Titration of asingle,rigid protein structure

3.1.1 Tobeinvestigated:bacterial photosyntheticreactioncenters

Theinvestigationof photosynthetigroteinsis oneof the majorresearcthinterestof the Knappgroup
membergMueggeet al., 1995;Ullmann & Kostic, 1995;Mueggeet al., 1996;Apostolakiset al.,
1996;Ullmannet al., 1997,1997;Rabensteiret al., 1998b,1998a;Ulimannet al., 2000). Thusit
is not surprisingthatwe choseasthe areaof applicationthe bacterialphotosyntheticeactioncenters
(bRCs)of the purplebacteriaRhodopseudomongRps.)viridis andRhodobacte(Rh) sphaeoides
ThebRCsarepigment-proteircompleesin the membranef the purplebacteria.They convert light
enegy into electrochemicaknegy by coupling photo-inducedelectrontransferto proton uptale
from cytoplasm.The x-ray structureof the bRCsfrom Rps.viridis (Deisenhofeet al., 1985,1995;
Lancaste®& Michel, 1997,1999)andfrom Rh sphaeoides(Allen et al., 1987;Changet al., 1991;
Ermleret al., 1994;Arnouxet al., 1995;Stawell et al., 1997)enableda moredetailedunderstanding
of the variousfunctional processein the bRC. The presentwork dealswith the mostrecentx-ray
structuredrom LancasteandMichel (1999} andStawell et al. (1997). Threepolypeptidesthel,
H, andM suhunits,form theproteincomplex. Commonto bothbRCsarethefollowing cofactors:four
bacteriochlorophyllstwo bacteriopheophytin®one non-hemdron andtwo quinones.The primary
quinoneQp is amenaquinon€MQ) in the bRCfrom Rps.viridis, but a ubiquinong(UQ) in thebRC
from Rh sphaeoides The secondarguinoneQg is aUQ in bothtypesof bRC. The structureof the
bRC from Rps.viridis containsasan additionalcofactora carotenoidwhich is missingin the R-26
strainusedfor the structureof the bRCfrom Rh sphaeoides A four-centerc-type cytochromewith

1Actually, partially the resultsin this work arebasecbn anotherstructureof the bRC from Rps.viridis. We derivedthis
structurefrom the coordinate®f Deisenhofeet al. (1995),but it resemblegloselythe morerecentstructureof Lancaster
andMichel (1999)(for detailsseeRabensteirt al. (1998b)andRabensteimndKnapp(2000b)).Severaltestcalculations
shavedthatbothstructuregield extremelysimilar results.
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four hemesas cofactorsis tightly boundto the bRC from Rps.viridis (Figure 3.1), but missingin
Rh sphaeoides The cofactorsarearrangedn thetwo branchesA andB relatedby a C, symmetry
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Figure 3.1: Cartoonof the bRC from Rps.viridis togetherwith the membranecomplex
cytochromebc; andthesolublecytochromec; (Stroop,1993)
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andextendfrom the specialpair to the quinones.Only the A-branchis electron-transfeactive. Its
cofactorsare predominantlyembeddedn the L sukunit. Electronicexcitation of the specialpair, a
bacteriochlorophyltimer, inducesa multi-stepelectrontransferprocessrom the specialpair to the
primary quinoneQa. Fromtherethe electronmovesto the secondanguinoneQg. After this initial

reaction,a secondelectrontransferfrom Qa to Qg andtwo protonationsof Qg follow, resultingin

adihydroquinoneQgH,. The dihydroquinondeavesits binding site andis replacedby an oxidized
UQ from the quinonepool (seeFigure 3.6 on page49). The temporalorderof thesereactionswas,
however, alongtime notcompletelyresohed (for areview seeOkamuraandFeher(1992)).Recently
Graigeet al. (1996)proposedeveralmodelsfor the couplingof the protonationof Qg to theelectron
transferbetweernQa andQg. Basedon their kinetic data,they favored eithera mechanisnin which
the secondelectrontransferto Qg occursin a concertedmannerwith the first protonationof Qg

or a mechanisnin which the first protonationof Qg precedegshe secondelectrontransfer This
hypothesiswhich seemsto be well establishedn the meantime,was supportedalso by our own

work (Rabensteiret al., 1998b)asreportedlaterin this chapter As an additionalcomplication,
the dihydroquinoneQgH>» hastwo acidic protons,oneat the quinoneoxygenatomproximateto the
non-hemeron (nearHis-L190),theotheratthe quinoneoxygenatomdistantfrom thenon-hemeron

(nearSerlL223). Thus,therearetwo possibilitiesfor the first protonationof Qg, which werealso
discussedn ourwork (Rabensteiret al., 1998b).

In thecenterof our interestarethe protonationandredoxreactionof thetwo quinones By using
themethodsdescribedn the next section,we wantto investigatethe couplingbetweerthe electron-
transferreactiong(of the quinones)andthe protonationreactiongof the quinonesaswell asof the
remainingtitratablegroups)in thebRC.We dothis mainly for thebRCfrom Rps.viridis. Onthebasis
of thelight-exposedandthe dark-adapted-ray structureof the bRC from Rh sphaeoides(Stowell
et al., 1997),we studyanotherinterestingfeatureof thefirst electrontransferfrom Q, to Qg. The
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rateof this electrontransferat low temperaturess dramaticallyincreasedn bRC frozenunderillu-
minationcomparedo bRCfrozenin thedark (Kleinfeld et al., 1984b).This effect suggestshatthe
dark-adapte@ndthe light-exposedbRCsdiffer in their conformation andthe dark-adaptedtatehas
to undego aconformationathangeeforeelectrontransfercantake placeefficiently. Thisconforma-
tional changemay occurmuchslower thantheelectrontransfer which would leadto conformational
gatingof thereaction(Davidson,1996). Conformationaljatingoccursalsoin otherelectrontransfer
proteins(Zhou & Kostie, 1993)andwasproposedor the bRC on the basisof a driving force assay
(Graigeet al., 1998).Indeedthex-ray structure(Stavell et al., 1997)of thedark-adaptethRCfrom
Rh sphaeoidesshavs thatQg is displacedby approximatelys A andhasundegonea 180° propeller
twist comparedo the structureof the light-exposedbRC (Figure 3.2). The binding site of Qg in the
dark-adaptethRCis referredto asthedistalbindingsite (with respecto thenon-hemeron), whereas
thebindingsite of Qg in thelight-exposedbRC s referredto asthe proximal bindingsite. The goall
of ourwork is to investigatehe conformationabatinghypothesisandto understandhow the protein
accomplisheshe conformationabating.

3.1.2 Methods
3.1.2.1 Preparation of structures

In our calculations,we usedthe dark-adaptedind light-exposedx-ray structuresof the bRC from
Rh sphaeoides(Stowell et al., 1997)with a resolutionof 2.2A (PDB entry 1aij) and2.6A (PDB
entry laig), respectiely, andthe x-ray structureof the bRC from Rps.viridis (Lancaste& Michel,
1999)with aresolutionof 2.45A (PDBentry2prc). We considereanly thefirst reactioncenterin the
unit cell of thestructurefrom Rh sphaeoides(H, L, andM chaintogethemwith their cofactors)and
ignoredtheother(N, O, andP chainin 1aig,R, S,andT chainin 1aij). Sincethe cytochromec sutunit
in thestructurefrom Rps.viridis is morethan25A away from thequinonebindingsites,we negglected
this sulunit in our calculations. All water molecules,sulfate ions, and detegent moleculeswere
removedfrom all usedx-ray structuresTheinfluenceof waterwasconsideredxclusively by ahigher
dielectricconstanin the resultingcavities andoutsidethe proteinasdescribedn chapterl. In some
recentapplicationsselectedvatermoleculeswvereexplicitly includedin pK s-calculationg Cometta-
Morini et al., 1993; Sampogna Honig, 1994; Gibas& Subramaniam]996). Thesecalculations
yielded resultsdifferent from thoseobtainedwithout explicit watermolecules. Differentselection
schemegor thewatermoleculeswvereapplied.Only a few crystalwatermoleculesall crystalwater
moleculespr even additionalsolvent moleculesplacedby modelingproceduresvereincluded. For
henegg lysozyme,the agreemenbetweencalculatedand measure@kK ;-valueswas betterwithout
explicit watermolecules(Gibas& Subramaniam1996). Calculationswithout explicit water may
agreebetterwith experimentsbecausedhe orientationof water moleculesis not known from x-ray
crystallographybut is neededfor thesecalculations. Sincethe orientationof water moleculesis
uncertainwe decidedto remove all watermolecules.We usedan extendedatomrepresentatioffor
mostnon-polarhydrogenatoms,exceptfor the quinonesthe chlorophylls,andthe pheophytinsfor
which all hydrogensweretreatedexplicitly. Polarhydrogenswere also treatedexplicitly, with the
exceptionof the acidic hydrogensof protonatedylutamatesand aspartatesywhich wererepresented
by symmetricalchage adjustmentbf the two carboxyloxygenatoms(seebelow). Coordinatesof
explicitly treatechydrogeratomsweregenerateavith CHARMM (Brookset al., 1983). Thepositions
of hydrogematomswereenegetically optimized,while the heary atompositionswerefixed. For this
optimization all titratablegroupswerein their standargrotonation(i. e., aspartateglutamateandthe
C-terminiunprotonatedarginine, cysteine histidine, lysine, tyrosineandthe N-termini protonated),
andbothquinoneswerein their oxidized (unchaged)state.
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Figure3.2: Qg bindingsite of differentbRC structures.The structuresveresuperimposed
with the Kabschalgorithm(Kabsch,1976)consideringall displayedmolecularcomponents
exceptthe two quinonesandresidueL210. The Qg of the dark-adaptedndlight-exposed
x-ray structuregrom Rh sphaeoides(Stowell et al., 1997)aredisplayedn blackandwhite,
respectiely. Qg from Rps.viridis (Lancaster& Michel, 1997,1999)is depictedin gray.
Residuesommonto all threestructuresaretakenfrom the light-exposedx-ray structureof
Rh sphaeoides Residuedrom Rps.viridis aredenotedn bracletsif nameddifferently. If
their positiondifferssignificantly they aredrawn in gray.
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3.1.2.2 Atomic partial charges

Atomic partialchagesof theaminoacids,includingthe protonatecanddeprotonatedtatesof titrat-
ableaminoacids,wereadoptedirom the CHARMM parametesetprovided by MSI Inc. The acidic
hydrogenatom of protonatedglutamateand aspartatevas not representeaxplicitly. Instead,ap-
propriatechageswere assignedsymmetricallyat the two carboxyloxygenatoms. (This resultsin
an atomic partial chage of -0.35 for eachof the carboxyl oxygenatomin the protonatedstate.)
The atomicpartial chages,which arenot includedin the CHARMM parameteset,were calculated
gquantum-chemicallwvith the programSpartard.0. (Wavefunction,Inc., Irvine, CA, 1995) We fit-
ted the atomic partial chagesto represenfaithfully the electrostatigpotential calculatedfrom the
wave functionsusingthe CHEL PG-like method(Brenemar& Wiberg, 1990)implementedn Spartan
(for detailsseeRabensteir{1997)). The atomicpartial chagesof chlorophylland pheophytin(Fig-
ure 3.4) werecalculatedsemiempiricallyat the PM3 level, thoseof the quinonegFigure3.3)in all
considerededoxand protonationstates.andof the deprotonateaysteinewere calculatedab initio
with the Hartree-leck methodusinga 6-31G** basisset. The atomicpartial chagesof the high spin
non-hemeron (Karthaet al., 1991)andits ligandswerecalculatedby a densityfunctionalmethod
(LSDA/VWN) implementedn Spartanusingthe DN** basis. The calculatedpartial chagesof the
iron centerandthetwo quinonesarelistedin Tables3.1to 3.4.

The carotenoidand the isoprenetails of the quinones,chlorophyllsand pheophytinswvere not
consideredn the quantumchemicalcalculations.The atomic partial chagesof theseapolargroups
weresetto zero.

Ubiquinone

Figure3.3: Atom namesusedfor MQ andUQ in Tables3.1and3.2.

3.1.2.3 The enemy of a protonation state

The enegy G" of a protonationstaten of a protein,which is characterizedby the protonationstate
vectorx, = (X{,x3,...,Xy), is givenby eq3.1(Bashford& Karplus,1990,1991;Berozaet al., 1991,
Yanget al., 1993;Beroza& Fredkin,1996;Antosievicz et al., 1996;Ullmann& Knapp,1999).

N N
G'=% <(X{l —X)RTIN10(PH — Pintr) + 5 Wi (X —X) (%) — x8)> (3.1)

p=1 V>
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Table 3.1: Atomic partial chagesfor menaquinongMQ), calculatedab initio by the
Hartree-fock method. Atom namesare adoptedfrom PDB-standardjiven in Figure 3.3.
Hydrogenatomsarenamedaccordingto their respectre heary atoms.

atom MQ~ MQ
C-1 0.35 0.54
0O-1 -0.60 -0.50
C-2 -0.04 0.11
C-2M -0.14 -0.33
3H-2M 0.05 0.11
C-3 -0.32 -0.40
C-4 0.45 0.68
0O-4 -0.63 -0.51
C-5 -0.08 -0.18
C-6 -0.10 -0.05
H-6 0.11 0.12
Cc-7 -0.17 -0.12
H-7 0.10 0.14
C-8 -0.19 -0.14
H-8 0.10 0.14
Cc-9 -0.08 -0.06
H-9 0.10 0.13
C-10 -0.07 -0.10
C-11 0.25 0.33
2H-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
3H-14 0.07 0.08
C-15 -0.03 -0.20
3H-15 0.00 0.06
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Table3.2: Atomic partial chagesfor ubiquinone(UQ), calculatedab initio by the Hartree-
Fock method. Atom namesareadoptedrom PDB-standardjivenin Figure3.3. Hydrogen
atomsarenamedaccordingo theirrespectie heary atoms.

atom uQ>~ UQ~ UQ UQHp 0 UQHGy UQHprox UQHdis. UQH,
C-1 045 052 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 — 041 041
C-2 -0.11 -0.12 -0.15 -0.15 -0.02 -0.04 0.04 -0.02
0-2 -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

3H-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
0O-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

3H-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 — 041
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

3H-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-7 037 039 0.28 0.49 0.56 0.54 0.39 043

2H-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 0.8 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

3H-11 -0.01 0.03 0.07 0.04 0.04 0.03 0.03 0.08
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Table 3.3: Partial chagesof the non-hemeiron centercalculatedby a densityfunctional
(DFT) method. Chagesof carbonboundhydrogenshave beenaddedto the chage of the
respectre carbonatom.

atom chage atom chage atom chage
His-L190: His-M264: Glu-M232:

CB -0.01 CB 0.00 Cp -0.09
Cy 0.28 Cy 0.22 Cy 0.18
C-02 -0.15 C-02 -0.16 C-d 0.46
C<l 0.07 C<l 0.01 O--1 -0.37
N-01 -0.32 N-01 -0.28 0-¢-2 -0.43
H-d 0.38 H-d 0.37

N-g2 0.14 N-g2 0.24

His-M217: His-L230:

CB 0.00 CB -0.01 Fe -0,28
Cvy 0.27 Cvy 0.23

C-82 -0.15 C-02 -0.12

Cel 0.15 Cel 0.05

N-d -0.38 N-31 -0.33

H-01 0.38 H-0 0.39

N-g2 0.11 N-g2 0.15

DN
ZAJJ 1A
1 ED
R1

Figure 3.4: Atom namesusedfor bacteriochlorophyll-tand bacteriopheophytin-in Ta-
ble3.4.
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Table 3.4: Atomic partial chagesfor bacteriochlorophyll-tandbacteriopheophytin-tgal-
culatedoy the semiempiridk°PM3 method.Atom namesareadoptedrom PDB-standardjiven
in Figure3.4. Hydrogenatomsarenamedaccordingto their respectie heary atoms.

atom chlorophyll pheophytin atom chlorophyll pheophytin
Mg 0.10 — C-MA 0.01 0.00
N-A 0.11 -0.49 3H-MA 0.01 0.01
C-HA -0.22 0.11 C-MB 0.11 -0.02
C-1A 0.03 -0.02 3H-MB -0.01 0.03
C-2A 0.10 0.14 C-MC -0.05 -0.09
H-2A 0.05 0.06 3H-MC 0.02 0.03
C-3A -0.04 -0.22 C-MD -0.03 0.05
H-3A 0.06 0.07 3H-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 2H-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 0O-2A -0.42 -0.43
C-3B -0.32 -0.39 C-1 0.15 0.19
C-4B -0.02 0.40 2H-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 3H-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 3H-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 group y, which canbe protonatedor unprotonatedy;; adoptsthe values1 or 0O,
respectrely. X, is the protonationstatevectorof the so-calledreferencestate,whereall titratable
groupsarein their unchaged protonationstate,i. e. X; is 1 if pis anacidandO if pis abase.The
sumsrun over all N titratablegroups. pKin is the so-calledintrinsic pK, value of the group
i. e. the pKj, valueof groupp whenall othertitratablegroupsarein the referencestate. W, is the
electrostatidgnteractionenegy of the groupsu andv if botharechaged. pKir andthe symmetrical
W-matrix arebothcalculatedoy solvingthe PBEon agrid (Warwicker & Watson,1982)asdescribed
in chapterl. For doing this, we usedthe programMEAD (Bashford& Gerwert,1992; Bashford,
1997).

Table 3.5: Groupsconsideredastitratablewith the pK, valuesof their modelcompounds.
Thehemepropionatds neededn section3.3.

Titratablegroup Model compoundK, Reference

Arginine 12.0 NozakiandTanford(1967)
Aspartate 4.0 NozakiandTanford(1967)
Cysteine 9.5 NozakiandTanford(1967)
Glutamate 4.4 NozakiandTanford(1967)
o-Histidine 7.0 Tanokura(1983)
e-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 MooreandPettigrev (1990)

In moredetail, this programis performingthefollowing steps:

e For eachtitratable group, the programconstructsa model compound whosepK, valuesis
experimentallyaccessibléTable3.5). This modelcompounds thetitratablegroupin solution
isolatedfrom the remainingmolecule but with the sameconformationasin theprotein.In the
caseof aminoacidsastitratablegroupsthe modelcompounds the N-formyl N-methylamide
derivative of therespectie aminoacid.

e The programcalculatespKint, as a differenceto theseexperimentalmodel compoundpK
valuespKmody:

AAG,
RTIN10

AAGy, consistsof two contritutions, the Born enegy AAGEO"‘ andthe enegy of interaction
with otherchagesthanthoseof thetitratablegroupy, AAGR2*:

PKintr,u = PKmodu + (3.2)

AAGy, = AAGE ™+ AAG (3.3)

e For eachtitratablegroup,the PBEis solved four times,to getthe electrostati@otentialcaused

by thechagesof theprotonatednodelcompounctpﬂ“odp, of thedeprotonatedhodelcompound
qﬂ‘odd, of the protonateditratablegroupwithin theproteinqﬂ’p, andof thedeprotonateditrat-
ablegroupwithin the protein(ﬂiﬂ"d.
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. AAGEO"‘ andAAGﬁad‘ arenow calculatedaccordingto the following equationswherethefirst

sumrunsover all atomsm of thetitratablegroupp with chage g, in the protonatedandqg, in
the unprotonatedtate andthe secondsumrunsover all remainingatomsj with chageq;.

AAGE™ = % X ((an,p(rm) _ (pﬂwoctp(rm)) g ((med(rm) — gfpotd (r’m)) (3.4)

AAGE* = 5 gy (¢ (Ty) — (7)) — () + o (Ty)) (3.5)
J

Thegrid artifact, which occursin eq 3.4 dueto the divergentself enegy (seesectionl.1.2.3),
cancelssinceit is equalin thefirstandsecondermof eq3.4. Thisis warrantedy creatingthe
modelcompoundwith the sameconformationandthe samepositionrelative to the grid asthe
titratablegroupin the protein.

e W,, i.e. theelectrostatidnteractionenegy of the titratablegroupsp andv is calculatedac-
cordingto thefollowing equationwherethesumrunsover all atomsn of thetitratablegroupv.

Wo = 3 (B —at) (o () — ) (3.6)

The PBEwassolvedusingathree-stemrid-focusingprocedurgseesectionl.l1.2.2)with a start-
ing grid resolutionof 2.5A, anintermediategrid resolutionof 1.0A, anda final grid resolutionof
0.3A. We usedanion exclusion layer of 2 A, anda solvent proberadiusof 1.4 A. For the solvent,
we useda dielectricconstantof € = 80 anda ionic strengthof 100mM. The dielectric constantin
the proteinwassetto €, = 4. Theseparametewaluesaresimilar to thoseusedin earliercalculations
investigatingthe protonationof the bRC (Berozaet al., 1995;Lancasteset al., 1996). (For amore
extensve discussiorseesection3.2.3.5.) We ngglectedthe influenceof the membranesincecalcu-
lations on the membranegorotein bacteriorhodopsimwith (Bashford& Gerwert,1992)and without
(Sampogn& Honig, 1994)a membrananodelyieldedbasicallythe sameresults.We accountedor
the d ande tautomerf histidineby consideringhistidinesasdoublesitesasdescribedy Bashford
et al. (1993).

3.1.2.4 Calculation of protonation probabilities by MC titration

The protonationprobability (x,) of the groupu canbe calculatedoy evaluatingthe thermodynamic
averageover all 2N possibleprotonationstatesn givenby eq3.7,

2N
nzlxﬂ exp(—G"/RT)

(X)) = (3.7)

2N
nZlexp(—Gn /RT)

This thermodynamiaveragecannotbe calculatedexactly in general,sincethe numberof possible
protonationstatess oftenfar too large(2¥ with N = 200 for the bRC). Instead we samplecdthe set
of protonationstatesusing a Metropolis Monte Carlo (MC) method(Berozaet al., 1991). This
MC methodis implementedn the programK ARLSBERG (Rabenstein1999),which is describedn
appendixE.

Basedontheintrinsic pK 5 values KARLSBERG guesseaninitial protonationstatevectorX. This
shouldpreventto startwith anextremelyrareprotonationstate which couldhappenf startingwith a
randomprotonationstatevector The elementaryMC move is the attemptto changethe protonation
stateof a randomlychosentitratablegroupwith subsequengvaluationof the Metropolis criterion.
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This means KARLSBERG compareghe enegy beforeandafterthe MC move accordingeq3.1. If
the new enegy is lower thanthe old enepgy, the move is accepted.Otherwise,it is acceptedvith
probabilityexp(—AG/RT).

(1,1)

va)

—_— - [SSNE . S

(1,0) (0,1)

Figure 3.5: Treatmenbf two stronglycoupledsitesin Monte Carlotitration calculation. If
the enegy barrierfor the transitionfrom state(1,0) to state(0,1) via the stateq(1,1) or (0,0)
is too large (solid arrows), a Monte Carlo stepis performedthatsimultaneoushswitchesthe
protonatiornstatesof bothsites(dashedarrow).

If two groupsare strongly coupled,the intermediatestatebetweentwo protonationstatesmay
have a high enegy and so the transitionfrom one stateto anothermight be unlikely as depicted
in Figure 3.5. The problemcan be avoided whenthe protonationof the two groupsare switched
simultaneouslywhich cancorrespondo a direct proton exchangebetweenthesetwo groups. The
doubleswitchis acceptedccordingto the Metropoliscriterion. If whole clustersof titratablegroups
are strongly coupled(which is commonif the dielectric constantfor the proteinis very low asin
section3.2), it might be necessaryo apply even triple moves (Rabensteiret al., 1998a). For the
bRC,we treatedpairsof titratablegroupscoupledby morethan3 pKj units by doublemoves,and
triples of titratablegroups,whereat leasttwo of the possiblethreepairsarecoupledby morethan6
pK 4 units, by triple moves(Rabensteiret al., 1998a).A so-calledMC scancomprisesasmary MC
stepsastitratablesinglegroups,doublesandtriplesareavailable.

To estimatethe statisticaluncertaintyof the MC calculation,it is necessaryo calculatethe num-
ber of independentlatasetsin the sample(Berozaet al., 1991). The correlationfunction for the
protonationof groupp determines correlationtime rﬁo" betweerapproximatelyindependenimea-
surementslt is givenby

T-1-1

Zj Xa(t 4+ T)xu(t) — (%) (3.8)

t=

Cu(r) = T_1
wheret isthetimein unitsof oneMC scan,T is thetotalnumberof scangor themaximumtime), and
Tisthetime variableof thecorrelationfunction. Thecorrelationtime ti°" is thetime for whichC,,(1)
becomesgyligible (for instance C,(t) |< Cy(0)/10). The numberof independenieasurements
T/t°". Thevarianceof onemeasuremeris C,(0). The useof the averageof T /13" independent
measurementsrovidesthe standardieviation o, givenin eq3.9.

Cu(0)

oo (3.9)

ou:

The MC samplingfor the bRC from Rps.viridis wasdoneat pH 7.5, the samplingfor the bRC
from Rh sphaeoidesat pH 7.0. The temperaturdor both samplingswas 300 K. The protonation
statesof all titratablegroupsof the bRCfrom Rps.viridis werecalculatedseparatelyor eachof the
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ten possibleprotonationandredox statesof the quinonepair (columnl of Table3.6). For the bRC
from Rh sphaeoides we consideredanly the quinonestatesQ, Qg andQaQg", but calculatedboth
with thedark-adapte@swell aswith thelight-exposedx-ray structure Arginine,aspartategysteine,
glutamatehistidine,lysine, tyrosine,andthe C- andN-terminus,if notformylated,wereconsidered
astitratablegroups.Thehistidinescoordinatingthe magnesiunions of the chlorophyllsandalsothe
glutamateandthehistidinescoordinatingche non-hemeron werenot consideredstitratablegroups.

ForeachMC samplingwe did atfirst L0 MC scandor equilibrationandafterthat3000MC scans
asfor production.Thenwe fixedthe protonatiorof all groupswhoseprotonatiorprobability differed
from unity or zeroby lessthan10~% in their respectie protonationstateandexcludedthesegroups
from further MC sampling. With this reducedsetof titratablegroups,we performedanother7000
MC scans.The samplingwassuficient to reacha standardleviation of lessthen0.01protonsateach
individualtitratablegroup.In generalthe standardieviation of asinglegroupwasmuchsmallerthan
0.01.Thesumof thestandardieviationsof all protonationprobabilitieswasfor eachstateabout0.02
protons.

3.1.2.5 Energeticsof electron transfer and protonation of the quinones

After the calculationof protonationpatternsof the bRCswith fixed redox and protonationstateof
thequinoneswe did additionalcomputationsvherewe includedalsospecificredoxandprotonation
reactionsof the quinones. Only Qg was consideredo be titratable. We calculatedthe following
protonationreactionsfor the bRC from Rps.viridis: Q, Qg —Qx QgHudist: Qa Qg —Qa QzHproxs
QaQsH g > QaQsH2, QaQeHp0x—>QaQsH2. We did this by simply including Qg as an addi-
tional titratablegroup. As modelcompoundor Qg we usedthe unmodifiedUQ in agueousolution.
However, UQ is not solublein purewater sothatthe experimentalpK; valueis not directly acces-
sible. Swallow (1982)andMorrisonet al. (1982)extrapolatedhe pK, valuesof the quinonesrom
pK 4 valuesof watersolublequinonederiatives taking into accountthe effect of differentquinone
ring substituentson the pK, value. The resultingpK, valuesare 4.9 for UQ —/UQH and11.7 for
UQH/UQHs,.

Fortheredoxreactionswetreatedhequinonesasredox-actre compoundsin principle,aredox-
active group canbe treatedin the sameway asa titratablegroup. The titratablegroup dependsn
pH value, which is replacedby the solution redox potentialfor a redox-actre group (Ullmann &
Knapp, 1999; Ulimann, 2000). Here, we considerthe two quinonesas one extendedredox-actie
groupwith two possibleredoxstatesfor eachcalculatedredoxreaction,which arethefirst electron
transferwith theinitial stateQ, Qg andthefinal stateQa Qg , andthe seconcelectrontransferto the
unprotonate®@g with thetheinitial stateQ, Q" andthefinal stateQAQé‘. Thefirstelectrontransfer
wasinvestigatedor all bRCs,i. e. the bRCfrom Rps.viridis andthelight-exposedanddark-adapted
bRC from Rh sphaeoides The secondelectrontransferwas only investigatedfor the bRC from
Rps.viridis. Thetransitionbetweerthesetwo statesdoesnot dependon the solutionredoxpotential
sinceit correspondso aninternalelectrontransfer This transitionwasincludedin the move setof
theMC sampling.

The modelcompoundor the redoxreactiondss the coupleof quinonesin aqueoussolution. As
experimental'pKy” valuethe differenceof redoxpotentialin aqueoussolutionis needed.However,
redox potentialsof quinonescannotbe measuredn a protic solvent, sincea reducedquinonewill
inevitably take up a proton. Redoxpotentialsin aprotic solvents,however, are knovn; MQ/MQ-~
in DMF (dimethylformamide):-709 mV, UQ/UQ~ in DMF: -602 mV (Princeet al., 1983),and
UQ~/UQ?% in acetonitrile:-1450mV (Morrisonet al., 1982). We correctedthe redox potentials
of the quinonesobtainedin non-aqueousolutionsto get redox potentialsin agueoussolutionsby
accountingor thedifferentsolvation enegiesin the respectie solvents. For that purposewe calcu-
latedthe enegy for dissolvingthe quinonesn their differentredox statesn water acetonitrile,and
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DMF by the continuumelectrostationethod(Sitkoff et al., 1994).In the calculationsthefollowing
solventparametersvereused: The dielectricconstantsaree = 80 for water € = 38 for acetonitrile,
ande = 37 for DMF (Lide, 1992). The solvent radii are 1.4 A for water 2,0 A for acetonitrile,
and2.8 A for DMF. Finally we obtainedthe following redox potentialsof the quinonesin aqueous
solution:-699mV for MQ/MQ-—, -592mV for UQ/UQ —, and-1420mV for UQ—/UQ?".

After MC sampling,we calculatedthe free enegy differenceof the initial andfinal stateof a
certainredoxor protonationreactionby thefollowing equation:

)
AG = —kgTIn - (3.10)
where(x) and1— (x) arethe averageoccupanciesf thefinal andinitial state respectiely.

If the free enepgy differenceAG is not closeto zero,the probability (x) is closeto zeroor unity
andthusevena smallstatisticalerrorof the MC samplingleadsto a large statisticalerrorof AG . To
solvethis problem we appliedabiasto thesamplingof thetwo redoxstategBerozaet al., 1995).We
chosethe biasiteratively suchthatthe probability (x) reached valuecloseto 0.5, which minimized
the statisticalerror of the calculatedenegy. At the end,the biaswasremoved from the calculated
valuesto getthe original result,but with a stronglyreducedstatisticalerror

3.1.3 Resultsand Discussion
3.1.3.1 Total protonation and protonation patterns

Review of experimental results. Protonuptale by wild type and mutantbRCsduring electron-
transferand protonationreactionsof the quinoneswas studiedexperimentallyby several research
groups(Marbti & Wraight, 1988; McPhersoret al., 1988,1993; Sebbaret al., 1995; Brzezinski
et al., 1997;Miksovskaet al., 1999). Accordingto someexperimentaneasuringlirectly the proton
uptale (McPhersoret al., 1988;Brzezinskiet al., 1997),the protonuptale of the whole bRC due
to the electrontransferfrom Q4 to Qg at pH 7.0 is closeto zero. Also the pH independencef
the electrontransferenegy in the pH rangebetween6 and 8.5 (Kleinfeld et al., 1984a)implies
no protonuptale. Othermeasurementsf protonuptale, however, suggestn uptale of about0.5
protons(Miksovskaet al., 1999;Marbdti & Wraight,1988)uponelectrontransferfrom Qa to Qg.
Also the protonationbehaior of individual titratablegroupsis controsersial. On onehandthere
are several FTIR studiessuggestinghat no significantproton uptale of carboxylic groupsoccurs
uponQg formationin the bRC from Rh sphaeoides(Hienerwadelet al., 1995; Nabedryket al.,
1995,1998)aswell asfrom Rps.viridis (Bretonet al., 1996;Breton& Nabdryk,1998),with theonly
exceptionof Glu-L212in the bRCfrom Rh sphaeoides which takesup 0.3to 0.4 protons(Hiener
wadelet al., 1995; Nabedryket al., 1995). Especially Glu-H173 and Asp-L213 were reported
not to contritute significantlyto protonuptale (Nabedryket al., 1998). On the other handthere
areotherstudieson wild-type andmutantbRCsfrom Rh sphaeoides investigatingelectron-transfer
rates(Paddocket al., 1997)andthe pH dependenprotonuptale (Paddocket al., 1989; Takahashi
& Wraight, 1992) andelectrogenievents(Brzezinskiet al., 1997)uponQg formation. The mea-
surement®f pH dependenprotonuptale (Paddocket al., 1989; Takahashi& Wraight, 1992)and
electrogenievents(Brzezinskiet al., 1997)for thebRC from Rh sphaeoidesassigna pK valueof
about9.5to Glu-L212,resultingin anessentiallyprotonatedslu-L212 atneutralpH, which doesnot
changeits protonationstate. Mutation studiesimply no participationof Glu-L212in protonuptale
atpH 7.5andbelov (McPhersoret al., 1994; Miksovskaet al., 1996). The discrepang between
theseresultsandthe FTIR studiesmay be resolhed by assuminga non-classicatitration behaior of
Glu-L212 (Brzezinskiet al., 1997). This assumptioris reasonablebecauseslu-L212is partof a
stronglycoupledclusterof titratablegroups. However, the studyof Paddocket al. (1997)suggests
thatalsoat pH 7.5 Glu-L212 is always protonatedand Asp-L213is a more probablecandidatefor
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protonuptale. Thereasorfor this contradictiormaybetheuncertaintiesn interpretingexperimental
results.Especiallythe commonassignmenbf measuredesultsto certainresiduedy mutationstud-

iesmay bewrongif the mutationcausesinexpectedconformationalandelectrostatieffectsin the

bRC.FortheFTIR studiesanotherxplanationwassuggestedn the basisof obseredIR signatures
for highly polarizablehydrogen-bondetworks suggestinghat the protonstaken up uponquinone
reductiontendto residemoreonthe boundwatermoleculesof the network thanon carboxylicgroups
themseles, which would malke theminvisible for FTIR measurement@Breton & Nabdryk, 1998;

Bretonet al., 1999).

Computational results. Using a continuumelectrostaticmethod,we calculatedthe protonation
patternsandthetotal protonationof the bRCfrom Rps.viridis for all possiblestatesof the quinones
asshavn in Figure 3.6 (page49). For the quinonestatesQ, Qg andQaQjy , we alsocalculatedhe
protonationpatternsandthe total protonationof the light-exposedand dark-adaptedRC structure
from Rh sphaeoides In contrastto theoreticalstudiesby othergroups(Berozaet al., 1995; Lan-
casteret al., 1996; Grafton& Wheeley 1999; Alexov & Gunner 1999), we considerechot only
thosebRC statesin which the quinonesarein differentredox states,but alsothosebRC statesin
which Qg is protonated For the bRC from Rps.viridis, Table 3.6 shavs the protonationprobability

Table3.6: Total protonationrandsomesingle-siteprotonationstpH 7.5. All residueswithin
adistanceof 25 A from the quinonesandwith at least0.05 protonsdeviation from standard
protonationare shavn, exceptN-termini of L- and M-chainwhich arecompletelydeproto-
natedin all statesHistidinesprotonatednly at N¢ areconsideredo bein standardorotona-
tion andthereforearenotincludedin thetable.

state histidine(tautomers) glutamate totaP
of L211 M16 H45 H177 H234 L1104 L212 this experimental other
quinones o € o € calculation values calculations
QaQB 0.47 053 025 0.73 005 003 027 100 0.99 0.00 0.00 0.00
QA QB 050 050 0.25 0.72 0.06 006 030 1.00 0.99 0.14 0.24/0.3487 0.5%4
QaQg 0.53 047 025 0.73 005 059 026 100 1.00 0.60 0.37/0,9¢° 0.7/05
QA Qg 0.53 047 025 0.73 006 080 027 100 1.00 0.88

QpQgHdst 048 052 025 073 006 005 031 100 1.00 1.15
QKQPHWOX 048 052 025 0.73 006 007 030 100 0.98 1.14

QaQg 0.58 042 024 074 005 099 025 100 1.00 0.97 2.6
QaQBHyist 054 046 025 0.73 005 068 025 100 1.00 1.68 1.2

QaQHpox 052 048 024 074 005 065 025 100 1.00 1.65

QaQgH2 046 054 024 073 005 003 028 1.00 0.99 2.01 1.92.1°

Iremainingpartis protonatecat Ns; andN ¢,
2expressedisdifferenceto thegroundstate

3Rh sphaeoides ref. (Berozaet al., 1995)

4Rps.viridis, ref. (Lancasteet al., 1996)

SRh capsulatusref. (Sebbaret al., 1995)

5Rh sphaeoides ref. (Maroti & Wraight, 1988)

’Rh sphaeoides ref. (McPhersoret al., 1988)

8Rh sphaeoides ref. (McPhersoret al., 1993)

9Rh sphaeoidesGlu-L212—GIn mutant,ref. (McPhersoret al., 1994)

of non-standargbrotonatedesidueghat arelessthan25 A away from the quinones.Furthermore,
thedifferencebetweerthetotal protonationof the groundstateQa Qg of thebRCandthetotal proto-
nationof therespectie otherstatesarelistedin comparisorto previous experimentalindtheoretical
values.Our resultsimply thatthe protonuptale by the bRC occurspredominantlyduring the redox
reactionsof the quinoneswhereaghe protonuptale by the bRC coupledto the protonationof Qg is
smaller An uptale of about0.2 protonson averagegoesalongwith eachof thetwo reductionsof Qa
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(Figure3.6 on page49). With exceptionof the electrontransferto the singly reducedunprotonated
Qg, all electrontransfersfrom Qa to Qg (Figure 3.6) arecoupledto anuptale of about0.5 protons
on average. The protonationof Qg in the statesQ, Qg ', QaQsHyg, and QaQeH o« iNducesan

uptale of only about0.3 protonson average(Figure3.6). This meanghatanexcessprotonis already
partially availablein the proteinmatrix, beforethe protonationof Qg actuallyoccurs.

Our changef the total protonationcalculatedfor the bRC from Rps.viridis arein reasonable
agreementvith theexperimentakesults.However, the measuredalueof protonuptale dependsen-
sitively on detailsof the experimentalprocedure so that differentgroupsgot significantly different
results(Table 3.6). Discrepanciedbetweenexperimentsand calculationsmay be explainedby the
factthatmostexperimentalvaluesareobtainedfrom bRCsof purplebacteriaotherthanRps.viridis.
However, we did alsocalculationswith thebRCfrom Rh sphaeoides Theseresultswill bediscussed
in the next paragraph Anotherpossiblereasorfor generaldiscrepanciedetweenexperimentaland
calculatedvaluesis that experimentalaluescannoteasilybe assignedo a specificbRC state,since
oftenonly the redoxstateandnot the protonationstateof the quinoness determinecby experimen-
tal conditions. We assignedhe experimentalvaluesof protonationchangedo the statesthat are,
accordingto our calculatedenepies(seebelav), occupiedwith the highestprobability

Accordingto our computationsalsothe bRCfrom Rh sphaeoidestakesup substoichiometrical
amountsof protonsuponelectrontransferfrom Q. to Qg: 0.33protonsin the light-exposedx-ray
structureand 0.15 protonsin the dark-adaptedc-ray structure(Table 3.7). The total protonuptale
of the dark-adapted-ray structureis not relevant, becauseslectrontransferwill not occurin this
structure(seebelav). The total protonuptale of the light-exposedx-ray structureis in reasonable
agreementvith the experimentghatsuggessucha protonuptale (Miksovskaet al., 1999;Marbti &
Wraight, 1988),but doesnot supportthe experimentghatdid notfind ary protonuptale (McPherson
et al., 1988;Brzezinskiet al., 1997). Theprotonuptale of thebRCdueto theelectrontransferfrom
Qa to Qg is determinedexperimentallyby comparingthe protonuptale of the native bRC and of
abRCwhereelectrontransferfrom Q, to Qg is blocked. In both casesthe bRCsareexcited by a
singleflashfrom the groundstateto the stateP*QaQp andP™Q, Qg, respeciiely. Theblockingis
usuallyaccomplishedby replacingQg by aredoxinactve compoundik etertutryn. Thisreplacement
may, however, significantlychangethe protonatiorbehaior of thebRCuponreductionof Qa, since
the Qa reductionalsoaffectsthe environmentof Qg (Miksovskaet al., 1999). In addition,thetran-
sitionfrom the electron-transfeinactive to the active conformationconsistamainly of the movement
of Qg from the distalto the proximal binding site. SinceQg is exchangedy a differentcompound,
thecharacteristicef theconformationatransition,whichis anyway stronglydependenbvntheexper
imentalconditions,will be modified. Our resultsshav a significantly differentprotonationbehaior
for the dark-adaptecndlight-exposedx-ray structuregseealsobelon). Hence,an explanationfor
the different experimentalresultsmay be a modificationof the conformationaltransitionand thus
of the protonationbehaior, dependingn the compoundusedfor blockingthe electrontransferand
otherexperimentaldetails.

Several titratable groupscontritute to the proton uptale by the whole bRC, but mostof them
participateonly with very small protonationchanges. Besidesthe Qg, the residueGlu-H177 has
the largest contritution to the proton uptale in the caseof Rps.viridis (Table 3.6). The distance
of the carboxyloxygenatomof this residueto the distal oxygenatomof Qg is 8.0 A (Figure3.2).
Glu-H177is possiblyalsoinvolvedin the protontransferpathway from the solventto Qg (Lancaster
et al., 1995).Accordingto our calculationsGlu-L212 doesnot contritute significantlyto the proton
uptale at pH 7.5, sinceit is nearly protonatedfor all redoxand protonationstatesof Qa and Qg.
However, thevery small, but not vanishingionizationprobability of Glu-L212 of oneto two percent
in the statesn which Qg is neutral,shavs thatGlu L212 just startsto titrateatpH 7.5. The statistical
uncertaintyof the protonationprobability of Glu-L212is lessthan10~2 protonsin our computation.

In Table3.7,the protonationprobabilitiesof the aspartate§210 andL213 andof the glutamate
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Table 3.7: Summaryof the computedresultsat pH7.0 for the dark-adaptedand light-
exposedx-ray structuresof the bRC from Rh sphaeoides Shown are the enegies for
the electrontransferfrom Q, to Qg and the protonationprobabilitiesfor selectectitrat-
ableresiduesn thefixedredoxstatesQ, Qs andQa Qg andin the equilibrium distribution
betweenthe two states.L210 andL213 areaspartates, 212 is a glutamate. The standard
deviation of the single-siteprotonationprobabilitiesis smallerthan0.001protons.

protonationprobabilities
Qx Q8 —QaQg Qx Qs QaQy equilibrium
structure enegy protonuptale 1210021201213 L[210L2121213 L[210L212L213
dark(laij) +157meV 0.15+0.03 0.01 0.27 0.75 0.01 0.60 0.85 0.01 0.27 0.75
light (1ai g) -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 Rh sphaeoidesare shavn. Glu-L212 and Asp-L213 are the only groups
with non-standargbrotonationprobability within a distanceof 10 A from Qg (seealsoFigure 3.2
on page34). In contrastto Rps.viridis, not Glu-H173 (which is the equivalent of Glu-H177in
Rps.viridis), but Glu-L212 (alsoGlu-L212in Rps.viridis) and Asp-L213(which is a non-titratable
AsnL213in Rps.viridis) aretheonly residueswith alarge protonationchangauponthefirst electron
transfer The residuesAsp-L210 (Glu-L210 in Rps.viridis), Glu-L212, Asp-L213 (hot available
astitratableresiduein Rps.viridis) and Glu-H173(Glu-H177in Rps.viridis) constitutea strongly
coupledclusterof titratable groupsin close proximity to Qg. The protonationpatternof sucha
coupledclustercanbealtereddramaticallyby smallenegy changesif thepK valuesof theindividual
titratablegroupsare not too differentand no net protonationor deprotonatiorof the whole cluster
occurs.This effect hasto be keptin mind for the following discussiorof the detaileddistribution of
protonswithin thecluster The protonuptale of the coupledclusteris for both, thelight-exposedand
dark-adapted-ray structuresmorethantwice aslargethanthetotal protonuptale of thewholebRC
from Rh sphaeoides Hence,morethanhalf of the protonuptale of the clusteris compensatety
numerousmallprotonationchangesn the network of titratablegroupsfartheraway from Qg.

Theequilibrium betweertheredoxstatesQ, Qg andQaQjg is for the dark-adapted-ray struc-
turestronglyinclinedto the stateQ, Qg andfor thelight-exposedx-ray structureto the stateQa Qg
(seebelaw). Hence,the entriesin the column equilibrium of Table 3.7 are similar to thoseof the
Q, Qg statefor thedark-adapted-ray structureandsimilar to thoseof the Qa Qg statefor thelight-
exposedx-ray structure Whenthe electrontransferreactionbetweerQ, andQg is equilibratedthe
clusterof thefour stronglycoupledresiduesslu-H173,Asp-L210,Glu-L212,andAsp-L213contains
two protonsin thelight structure put only oneprotonin thedarkstructure.

Thestriking differenceof the protonatiorbehaior of Glu-L212in thebRCfrom Rh sphaeoides
andRpsviridis is in agreementvith theexperimentafindingsfrom FTIR studiegqHienerwadelet al.,
1995; Nabedryket al., 1995,1998; Bretonet al., 1996; Breton& Nabdryk,1998). However, the
protonatiorchangestGlu-H177(Rps.viridis) andAsp-L213(Rh sphaeoideg donotagreewith the
FTIR experimentsif the protonationof Glu-L212andAsp-L213in thebRCfrom Rh sphaeoidesis
comparedn thestateQ, Qg andQa Qg for thelight-exposedk-ray structure Asp-L213takesup0.5
protonsandGlu-L212is mostly protonatedn both stateswith a take-upof only 0.2 protons. These
resultsarenotin agreementvith the FTIR results,but they arein agreementvith severalnon-FTIR
results(Paddocket al., 1997,1989; Takahash& Wraight,1992;Brzezinskiet al., 1997).However,
if thestateQ, Qg for thedark-adapted-ray structures comparedvith thestateQa Qg for thelight-
exposedx-ray structure which meanghatthe conformationatransitionof the conformationabating
(seebelaw) isincludedin thecomparisonGlu-L212takesup 0.7 protonsandnow Asp-L213is mostly
protonatedn bothstateswith atake-upof only 0.2 protons.Theseresultsaremorein agreemenith
the FTIR results(Hienerwadel et al., 1995; Nabedryket al., 1995,1998). Besidesthe already
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discussedoossiblereasondor the describedcontradictions(seeabove), now anotherexplanation

comesdnto mind. It seemdo becritical for theexperimentatesultwhethemundercertainexperimental

conditionsthemeasuremernncludesor excludesthe conformationatransitionbetweerdark-adapted
andlight-exposedx-ray structure Soit mayberewardingto furtherinvestigatehe eventsthattrigger

theconformationatransition(Graigeet al., 1998).

Thex-ray structureof the bRCfrom Rps.viridis is equialentto thelight-exposedx-ray structure
of thebRCfrom Rh sphaeoides We do notknow whethera conformationatransitionsimilarto that
from thedark-adaptetb thelight exposedx-ray structureof thebRCfrom Rh sphaeoidesexistsalso
for thebRCfrom Rps.viridis. Thecalculatedake-upof 0.5protonsby Glu-H177uponQj formation
doesnot agreewith the FTIR results(Bretonet al., 1996;Breton& Nabdryk,1998). As explained
above, it might alsoherebe possiblethatfor a highly polarizablehydrogen-bonahetwork involving
Glu-L212 and Glu-H177, protonsresidein part alsoat boundwater moleculeswhich could make
theminvisible for FTIR measurementsoncentratingon the carboxylicgroups(Breton& Nabdryk,
1998;Bretonet al., 1999).

Comparison to earlier computations. In a recentmoleculardynamicsstudy also basedon the
dark-adapte@ndlight-exposedx-ray structurefrom Rh sphaeoides(Stowell et al., 1997),A. K.

GraftonandR. A. Wheelerinvestigatedhe protonationstatesof Glu-L212 and Asp-L213(Grafton
& Wheeler 1999). They foundin agreementvith our own resultsthat Qg™ binding at the proximal
binding site is only possiblewhenboth residuesare protonatedwhereashinding of the neutralQg

atthedistal siteis mostconsistentvith oneresidueprotonatecandthe otherunprotonatedln agree-
mentwith non-FTIRexperimentakesults(Paddocket al., 1997),they proposethatthe protonbinds
preferentiallyat Glu-L212andnotat Asp-L213.

Themostsignificantdifferencein protonationpatternsetweerthiswork anda studyonthebRC
from Rh sphaeoidesby Alexov and Gunner(1999)is the protonationof Glu-L212 and Asp-L210.
While we calculateda protonationchangeof Glu-L2120f 0.2t0 0.7 (dependingnincludingthecon-
formationaltransitionor not) in reasonablagreementvith FTIR results(Hienervadelet al., 1995;
Nabedryket al., 1995,1998),Alexov andGunner(1999)found Glu-L212to be alwaysprotonated.
Accordingto Alexov andGunner(1999),alarge protonationchangds localizedat Asp-L210,which
is alwaysnearlyunprotonatedn our study

Also a studyon the bRC from Rps.viridis by Lancasteret al. (1996)appliedsimilar methods
asthe presenbne. This study shaws protonationchangedocalizedat the residuesGlu-H177,Glu-
L212,andGlu-M234. Theprotonationchangeof carboxylicgroupsis in contradictionwith the FTIR
experimentghatsuggesho protonuptale of carboxylicgroupsatall (Bretonet al., 1996;Breton&
Nabdryk,1998). However, thereportedprotonationchangesareall small (0.15protonspertitratable
groupor less). In our own study (Rabensteiret al., 1998b),Glu-L212 is in agreementith the
experimentsalways protonatedput the changeof protonationis mainly localizedat Glu-H177 (see
above).

3.1.3.2 First Electron Transfer from Qa to Qg.

Review of experimentalresults. Theexperimentalvaluesof theelectron-transfeenegy aredeter
minedby measuringherecombinatiomatesof thebRCstatesPtQ, Qg andPTQa Qg to theground
statePQxQg. For the PFQaQp decay directrecombinations negligible (Kleinfeld et al., 1982;
Wraight, 1979; Wraight& Stein,1980). Instead,t is assumedhatthe stateP*Qa Qg is in equilib-
riumwith thestateP*Q, Qg andrecombinatioroccursnearlyexclusively from P*Q, Qg (Figure3.7
onpage54). Thereforejf theequilibriumbetweerthestateQ, Qg andQa Qg is reachedastcom-
paredto the recombinatiomatefrom P*Q, Qg to thegroundstate the equilibriumconstanKag can
be calculatedfrom the measuredecombinatiorrateswith the following equation(Mancinoet al.,
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Figure3.6: Schemef the possibleelectron-transfeandprotonatiorreactionsnvolving the
qguinonesf thebRC.Solid arrons areusedfor theenepeticallypreferredreactionsequence.
Calculatedreactionenegiesaregivenneartherespectre arrons. Changesn total protona-
tion duringthereactionsaregivenin parenthesedll resultsarecalculatedor Rps.viridis.

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

Kag = o 1 (3.11)

kap is therecombinatiorratefrom the stateP* Q. Qg, measuredn abRCwhereelectrontransferto

Qg is blocked. kgp is the effective recombinatiomatefrom the stateP™ Qa Qg . Fromtheequilibrium

constaniKag, the reactionenegy of the electrontransferfrom Q. to Qg canbe calculatedsimilar

asin eg3.10. By this method the electron-transfeenegy wasdeterminedy 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),0r-52meV atpH 8.1 (Tandoriet al., 1999)for

Rh sphaeoidesand-175meV at pH 6.0 (Baciouet al., 1991),-150meV at pH 7.5and9.0 (Baciou
et al., 1991),or-120meV at pH 9.0 (Shopesk Wraight,1985)for Rps.viridis.

Computational results. For thereactionenegy of the electrontransferfrom Q, to Qg our con-
tinuumelectrostaticalculationsyieldedan enegy differenceof -160meV atpH 7.5 for Rps.viridis
(Figure3.6). We computeda valueof -56meV for the light-exposedx-ray structureanda value of
+157meV for thedark-adapted-ray structureof thebRCfrom Rh sphaeoides(bothatpH 7.0, see
Table3.7 on page47). Assumingthatthe electrontransferin the bRC from Rh sphaeoidesoccurs
exclusively in a conformationcorrespondindo the light-exposedx-ray structure(for discussiorof
this topic seenext paragraphandsection3.1.3.6),our calculatedvaluesarein excellentagreement
with experimentafindings.

Accordingto our computationthe electrontransferis enegetically uphill in the dark-adapted-
ray structureanddownhill in thelight-exposedx-ray structureof thebRCfrom Rh sphaeoides From
athermodynamigoint of view, we canthereforesupportthe assumptiorthatthe dark-adaptea-ray
structureepresenttheelectron-transfeinactive conformatiorof thebRCandthelight-exposedk-ray
structurethe electron-transfeactive conformation.Theimplicationof this finding for the conforma-
tional gatingmechanismis discussedn section3.1.3.6. The calculatedvaluefor the light-exposed
X-ray structurebeingin agreemenith experimentallydeterminedraluesimpliesthatthebRCadopts
completelytheelectron-transfeactive conformationin bothstate€Q, Qg andQa Qg , sincewe have
exclusively consideredhelight-exposedx-ray structure which is assumedo representhe electron-
transferactive conformation. In reality, both statesmay consistof a mixture of electron-transfer
active andinactive conformationsasdenotedn Figure3.7 on page54. The possibleinfluenceof the
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distribution of electron-transfeactive andinactive conformationon the experimentallydetermined
electron-transfeenengy is alsodiscussedh thesection3.1.3.6.

Comparison to earlier computations. The enegeticsof the electrontransferfrom Q, to Qg in

the bRC from Rh sphaeoidesand Rps.viridis was investigatedseveral times by electrostaticap-
proachesimilarto thatusedin the presentvork. Thefirst of thesestudiesvasdoneby Berozaet al.

(1995)on thebRCfrom Rh sphaeoides However, they failedto reproducehe experimentalvalue
of the electron-transfeenegy. The electrontransferwascalculatedo be uphill by 170meV. Three
yearslater, we startedour own studieson the bRC from Rps.viridis, thefirst without conformational
flexibility (Rabensteiret al., 1998b),which is reportedhere,andthe secondwith conformational
relaxation(Rabensteiret al., 1998a),which is reportedin section3.2. The studyon the bRC from

Rh sphaeoidesfollowed in 2000 (Rabensteiret al., 2000). In all threestudies,we could repro-
ducethe experimentalalueof theelectron-transfeenegy faithfully (seealsosection3.2). Recently
Alexov and Gunner(1999) studiedthe electrontransferfrom Q, to Qg also basedon the light-

exposedand dark-adaptec-ray structureqStowell et al., 1997)aswe did it in the presentstudy

Alexov and Gunner(1999)took the backboneconformationfrom the dark-adaptec-ray structure.
They generatedheside-chairconformersandthebindingpositionof Qg accordingo both,thedark-
adaptedandthelight-exposedstructuresandseveraladditionalbRC structuredrom Rh sphaeoides
andRps.viridis. They includedalsodifferentconformersof polarhydrogenghatarepartof atitrat-

ablegroup. The possiblecombinationof conformersveresampledusinga generalizedC method
(Beroza& Case,1996;Alexov & Gunney 1997)describedn moredetailin section4.2.1. In their

calculation,also explicit water moleculeswere includedin different orientationswhich were also
sampledby the MC method.By this method,they includedconformationaflexibility in their calcu-
lationsandcouldreproducaheexperimentalaluefor theelectron-transfeenegy. However, without
conformationaflexibility, they calculatedthe electrontransferto be uphill by 165meV. They report
similar resultsof R. LancasteandM. R. Gunnerfor the bRC from Rps.viridis (unpublishedesults
citedin Alexov andGunner(1999)).

It is obviousto askwhy our own studiesreproduceheexperimentaknegy valuesuccessfullyand
all otherstudiedailed. In the past,we proposedsthemainreasorfor our successurdetailedchage
modelfor the cofactorsof the bRC derived from quantum-chemicatalculations.In particular the
chagesfor thenon-hemaron centerandthequinonein theirdifferentredoxstate{Rabensteirt al.,
1998b,1998a)differ significantlyfrom thoseof the simplified chage modelusedin the otherstudies
(Berozaet al., 1995;Lancasteet al., 1996;Alexov & Gunney 1999). Alexov andGunner(1999)
guestiorthatassumptiomndemphasize¢hefactthatthepaststudiesall useddifferentbRCstructures.
Withoutdoubt,evenmoderateconformationathangeganhave alargeeffectonelectrostatienegies
(Rabensteiret al., 1998a).R. LancastemandM. R. Gunnerusedfor their calculationof the electron
transferenegy in thebRCfrom Rps.viridis (unpublishedesultscitedin Alexov andGunner(1999))
anew x-ray structurewith a betterdefinedQg bindingsite (LancasteandMichel (1997,1999),PDB
code2prc), which was, howvever, not publicly available at the time we did our studies. To usethe
improvementsof the new structureanyhow, we appliedtwo well definedmodifications(Rabenstein
et al., 1998b)to anolderx-ray structure(Deisenhofert al. (1995),PDB codelprc)accordingto
informationalreadypublishedat thattime (Lancastei& Michel, 1996;Lancastest al., 1995). By
this way, the structurewe usedfor our studies(Rabensteiret al., 1998b,1998a)wasvery similar
to that usedby R. Lancasterand M. R. Gunner As soonasthe newn x-ray structure(Lancaste&
Michel, 1997,1999)waspublicly available,we repeatedur calculationusingthis structure which
resultedin an electron-transfeenegy of -169meV comparedo -160meV as calculatedwith our
modifiedstructure Hence for thebRCfrom Rps.viridis, thestructuraldifferencesannotexplainthe
differencesn the computationatesults.However, for the studieson the bRCfrom Rh sphaeoides
structuraldifferencesmay be more significant. Berozaet al. (1995)usedanotherstructure(PDB
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codedrcr)thanAlexov andGunner(1999)andusin the presentvork. Althoughthelattertwo studies
arebasedon the samex-ray structuregStowell et al., 1997),the actuallyusedstructurediffer. We

placedpolar hydrogenausingthe HeuILD facility of the programCHARMM (Brookset al., 1983)
with a subsequergnegy minimization(Rabensteiret al., 1998b).E. G. Alexov andM. R. Gunner
usedthe programPROTEUS (Gunneret al., 1996)to placepolar hydrogens.We usedthe original

light-exposedand dark-adaptec-ray structure,whereasE. G. Alexov and M. R. Gunnerusedfor

their calculationwith a single proteinconformationthe backbonerom the dark structure which is,

however, nearlyidenticalto the backboneof the light structure. They selectedfor eachsidechain
andfor Qg the conformerwith the highestpopulationfrom their calculationswith conformational
flexibility for the groundstateof the quinoneqQaQg). This selectionprocedurdeadsto a structure
that will be enegetically optimizedfor unchaged quinonesand may prefer one of the two states
Qx Qs andQaQg morethantheother

To probeour assumptiorthatthe differentchage modelsarethe mostimportantreasonfor the
differentresults we repeatedur calculationusingthe chage modelusedby Lancasteket al. (1996)
andAlexov andGunner(1999)for the quinonesresultingin anelectron-transfeenegy of -6 meV,
thusan increaseof the electrontransferenegy by 50meV. This is a significantshift but canonly
partially explain the differencebetweenthe calculatedenegy reportedin this work andthe enegy
calculatedior therigid casein thework of Alexov andGunner(1999). However, the chagesof the
polypeptidesarealsodifferentin all threestudiesandmay causeadditionalsignificantdifferencesn
theelectrostatienegy. We usedthechagesfromthe CHARMM parametesetprovidedby Molecular
Simulationsinc., which closely resemblethoseof the CHARMM 19 parameterset (Brookset al.,
1983) but are also available for several aminoacidsin non-standargbrotonation. Lancasteret al.
(1996)andAlexov andGunner(1999)usedPARSE chages(Sitkoff et al., 1994),which tendto be
morelocalizedandto have largerabsolutevaluesthanthe CHARMM chageswe used.Berozaet al.
(1995)usedchagesfrom the DiscoveR forcefield (Hagleret al., 1974).

In additionto differentchagemodelsanddifferentstructuresthereareanumberof otherpossible
differencesn the conditionsandtechnique®f solvingthe PBE.Most evidentis theresolutionof the
employed grid. We useda grid with a lattice constantof 0.3A, whereasAlexov andGunner(1999)
useda relatively coarsegrid with a lattice constantof 0.83A. Also the inclusion of explicit water
moleculesanhave a significanteffect. Alexov andGunner(1999)includedexplicit watermolecules
in their calculationwith conformationaflexibility. Thisis reasonablsincethe watermoleculescan
adoptdifferent orientationsin sucha calculation. In a calculationwith a rigid conformation,the
inclusionof explicit watermoleculess dangerou# thecorrectorientationis unknawvn or if different
conformationsanbe adopted. However, it is not clearwhetherAlexov andGunner(1999)included
explicit watermoleculesn their calculationfor therigid protein. In their work (Alexov & Gunner
1999),therearecontradictingstatementin connectiorwith Figure9 that“watersweredeleted’and
“watersarerigid”.

3.1.3.3 SecondElectron Transfer from Qa to Qg and first protonation of Qg.

Review of experimental results. Threedifferentreactionsmay follow the first electrontransfer
processi(i) the secondelectrontransferfrom Qa to Qg, (ii) the protonationat the proximal oxygen
of Qg, i. e the oxygenatompointingtowardsthe non-hemeron, or (iii) the protonationat the distal
oxygenof Qg, i. e. the oxygenatompointingaway from the non-hemeron (Figure 3.2 on page34).
Basedon experimentalresults,differentmodelswere proposed.McPhersoret al. (1994) cameto
the conclusionthatthefirst electrontransferis followed by the secondelectrontransfey whereupon
the two protonationsof Qg occur In contrastthe kinetic resultsof Graigeet al. (1996)fitted best
to a modelin which thefirst electrontransferis followed by the first protonation.Subsequent/ythe
seconcklectrontransferoccursastheratedeterminingstep.Anothermodel, fitting thekinetic results
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of Graigeet al. (1996)almostasgood,includesaconcertednechanismin whichtheseconcelectron
andthefirst protonaretransferredo Qg simultaneously The modelderived from mutationstudies
of Paddocket al. (1990)supportsalsoa reactionsequencén which the first electrontransferfrom
Qa to Qg is followed by thefirst protonationof Qg, the seconcelectrontransferfrom Qa to Qg, and
finally by the secondprotonationof Qg. In addition,the modelof Paddocket al. (1990)proposes
thatthe first protonationoccursat the distal oxygenatomof Qg andthe secondprotonbindsto the
proximaloxygenatom.

Computational results. We calculatedthe reactionenegy for the secondelectrontransferfrom
Qa to Qg andalsofor thefirst protonationof Q5" atthedistalandat the proximal oxygenatom(Fig-
ure 3.6) (only) for thebRCfrom Rps.virids. Theenepy differencebetweerthe bRC statesQ, Qg
andQAQé‘ is +1100meV. This enepy differenceis evenhigherthanthe enegy differencebetween
the respectie quinonestatesin aqueoussolution (720 meV). Thus,accordingto our calculationsa
doublyreducedunprotonateds is unlikely to occurin thebRC.Theprotonationenegy of Qg in the
bRCstateQ, Qg atpH 7.5is alsopositive, but small(Figure3.6). The protonationat the distal oxy-
genatomis enepetically preferredby 90 meV ascomparedo a protonationat the proximal oxygen
atom. Therefore we proposethatafterthefirst electrontransferfrom Qa to Qg, Qg getsprotonated
atthedistaloxygenatom. Thisis in agreementvith the modelof Paddocket al. (1990). However,
the differencebetweenthe protonationenegies at the distal and proximal oxygenatomis small. If
the protonationat the proximal oxygenis kinetically preferredit may precedehe protonationof the
distaloxygenatom.

The enegy of +20 meV for the first protonationof Qg at the distal oxygenatom corresponds
to an equilibrium partial protonationof about30%. This fraction may be too small to detectthe
singly protonatedQg spectroscopicallyHowever in the bRC from Rh sphaeoides the protonation
of the singly reducedQg doesnot change(with an uncertaintyof +£5%) in the pH-rangefrom 4
to 8 (footnotein Graigeet al. (1996)). One explanationfor this behaior can be that the singly
reducedQg is protonatedessthan5 % over this pH-range.Accordingto our calculationsthe singly
reducedQg hasaprotonationprobability of about30% at pH 7.5. This resultdoesnot contradictthe
experimentalbbsenation, if the protonationprobability of the singly reducedQg remainsconstantat
(30+5) % over the pH-rangefrom 4 to 8. This may possiblybe rationalizedwith a specialtitration
behaior of Qg: Dueto strongcouplingof Qg with titratablegroupsin the proteinmatrix, a nearly
constanfprotonationprobability of the singly reducedQg maybe maintainedover awide pH-range.
The assumptiorof a nearly unprotonateaingly reducedQg is not supportedoy our results. But it
shouldbekeptin mind thatthe experimentsveredonewith the bRCfrom Rh sphaeoides while we
usedthe structureof thebRCfrom Rps.viridis in our computation.

We found that the proton uptale by the bRC takes placebeforeQg getsprotonated.This may
be oneof the reasondor the experimentalfinding that the first protonationof Qg is fasterthanthe
seconcklectrontransferfrom Qa to Qg (McPhersoret al., 1994).Dueto thefastprotonationof Qg,
the systemreacheghe protonationequilibrium after the first electron-transfeprocess.The second
electronis thenonly transferredf Qg is protonated.If the protonationof Qg dependson pH, this
mechanisntanexplainthe obsered pH dependencef the seconcelectron-transferate. This model
is similarto theonederived from kinetic studiesmentionedabove (Graigeet al., 1996).

3.1.3.4 SecondProtonation of Qg.

Measurementsf theenegiesfor the secondorotonationof Qg atpH 9.0and9.5gave >(0£20) meV
and >(28+£20) meV, respectiely (McPhersoret al., 1994). Assuminga Henderson-Hasselbalch
titration behaior, the protonationenegy atpH 7.5is -90 meV. Thisis in qualitative agreementvith
our calculatedvaluesof -300meV and-410meV (Figure3.6). Thediscrepang maybeexplainedby
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the uncertaintyof extrapolatingthe enegy to lower pH-values. Furthermorethe experimentswere
doneat the bRC from Rh sphaeoides while we usedthe bRC from Rps.viridis. The resultsshav

that the stateQaQgHy,, in which Qg is protonatedat the distal quinoneoxygen,is enegetically

morestablethanthe stateQaQsHp o« Hence,alsoin the doubly reducedstateof Qg, a protonated
distaloxygenis preferredio a protonatedgroximaloxygen.

3.1.3.5 Sequenceof electron-transfer and protonation reactions

As discusse@dbore, the sequencef theelectron-transfeandprotonationreactionsj. e. theirtempo-
ral order is notcompletelyresohed experimentally In particular it is unclearif thefirst protonation
of Qg precedeghe secondelectrontransferfrom Qa to Qg or not. Our calculatedreactionenegy
for the reductionof the singly reducedQg to a doubly reducedQg is in the bRC even higherthan
in aqueoussolution. The reactionenegy is largerthanl eV. This enepy is too large to malke this
statethermallyaccessiblethusthe doubly reducedQg statedoesnot occurin the bRC. Therefore,
we concludethatthe first protonationof Qg precedeshe secondelectrontransferbetweenQa and
Qg. If the protonationof Qg dependon pH, this mechanisntanalso explain the pH dependence
of the secondelectron-transfestep(Graigeet al., 1996),becausdhe protonationof Qg would be
a prerequisitefor the secondelectron-transfestep. Accordingto our calculatedreactionenepgies
(Figure 3.6 on page49), we proposethe following reactionsequencdor the electron-transfeand
protonationreactionsof the quinonesn the bRC: (1) first electrontransferfrom Qa to Qg, (2) first
protonationof Qg (at the distal oxygencloseto SerlL223), (3) seconcelectrontransferfrom Qa to
Qg. (4) secondprotonationof Qg (at the proximal oxygencloseto His-L190). Whetherthe distal
or the proximal quinoneoxygenatom getsprotonatedfirst is, however, not certain, sincethe cor
respondingreactionenegies differ not much (Figure 3.6). Although the protonationof the distal
oxygenatomis enegetically favored, the protonationof the proximal oxygenatom canbe fasterif
a protonis more easily available. However, alsoexperimentaldatasuggestthat the protonationof
thedistaloxygenatomof Qg precedeshe protonationof the proximal oxygenatom(Paddocket al.,
1990). The enegetically favoredreactionsequencés shavn with solid arravs in Figure 3.6. This
reactionsequencés in agreementvith severalmodelsderivedfrom experimentqGraigeet al., 1996;
Paddocket al., 1990). A mechanisnin which the first protonationof Qg andthe secondelectron
transferoccursimultaneouslyi. e. a concertednechanisn{Graigeet al., 1996),would alsoagree
with our calculations.

3.1.3.6 Conformational gating

Review of experimental results. Conformationalgating (Davidson, 1996) was proposedor the
bRCof Rh sphaeoidesonthebasisof experimentsn whichthedriving forcefor theelectrontransfer
from Q, to Qg wasvaried(Graigeet al., 1998).In theseexperimentsQa wasreplacedoy quinones
otherthan UQ that have differentredox potentials. However, the electron-transferate from Q,
to Qg was not changedsignificantly by thesereplacements.The reactionenegy of the electron
transferis relatvely small so that the electron-transfeprocessoccursin the normalregime, where
the classicalMarcustheory (Marcus,1956; Marcus& Sutin, 1985)predictsa strongdependengc of
the electron-transferateon the reactionenegy. Theobseredindependencof the electron-transfer
rate on the reactionenegy can be explainedby a conformationalgating mechanism. According
to the conformationabatingmechanismthe bRC canadopttwo conformationsanelectron-transfer
active conformatiorandanelectron-transfeinactive conformationFigure3.7). Theelectrontransfer
from Q, to Qg will occurnearlyexclusiely in the electron-transfeactve conformation. In the
groundstatePQa Qg, thebRCis preferentiallyin the electron-transfeinactive conformation.Hence,
aconformationatransitionis necessarjo allow theelectrontransferfrom Q, to Qg. Thistransition
is the ratedeterminingstep.
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Figure3.7: Possibleelectrontransferreactionsandconformationabatingin the bRC from
Rh sphaeoides The initial reactionis the light excitation of the specialpair P to P*, af-
ter which a chage separatiorfollows in the sub-microsecontime regime, resultingin the
stateP™ Qx Qg. Theelectronis thentransferredrom Q, to Qg in thetime scaleof several
hundredmicrosecondsAccordingto the conformationaatinghypothesisthis processn-
volvesa conformationatransition,after which the actualelectrontransferoccursat a much
fasterrate. Recombinatioroccursfrom the stateP*Q, Qg to PQaQp with atime constant
of about100ms. All statescanin principle adoptthe two conformationsconsideredn the
presenistudy: Onewherethe electrontransferfrom Q, to Qg is possible,andonewhere
it is hindered. We assumethat the electron-transfeactive conformationis representedby
thelight-exposedx-ray structureandthe electron-transfeinactive conformatiorby thedark-
adaptedk-ray structure. The hinderingof the electrontransfercanbe mediatedkineticly or
thermodynamiclyor both). Thekineticsis notinvestigatedn the presenstudy but thether
modynamiaesultis, thattheelectrontransfeiis uphill by 157meVfor thedark-adapted-ray
structure whereast is downhill by 56meV for thelight-exposedx-ray structure.Dueto the
experimentakonditions thebRCwasin thegroundstatePQa Qg for thedeterminatiorof the
dark-adapted-ray structureandin the chage separatedtatePt*QaQg for the determina-
tion of the light-exposedx-ray structure.Hence the conformationakquilibrium prefersthe
electron-transfemactive conformationin the statePQa Qg andthe electron-transfeactive
conformationin the stateP™QaQp . The conformationalequilibrium constantin the state
P*Qx Qg is unknavn. The upperlimit of 62meV for the conformationatransitionin the
latter stateis deducedrom comparisorof experimentaland calculatedresults(seetext for
details). Theupperlimit of -151meV for the conformationatransitionin the stateP* Qa Qg
resultsfrom the thermodynamicycle connectingthe statesP™ Q. Qg andPTQa Qg in the
two conformations.
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To determinethe two conformationsexperimentally x-ray structureswere solved of the dark-
adaptedbRC,whichis in the groundstatePQa Qg, andof thelight-exposedbRC, which wasfrozen
immediatelyafterillumination andthereforein the stateP*Qa Qg (Stowell et al., 1997). The most
striking differencebetweenthe two x-ray structureds the displacemenbf Qg from a binding site
proximalto thenon-hemaeron to a distalbindingsite. In thelight-exposedx-ray structure Qg binds
atthe proximalbindingsite,whereasn the dark-adaptea-ray structureit bindsat the distalbinding
site (Figure 3.2 on page34). However, the electrondensityat the proximal binding site suggests
partialoccupang of Qg attheproximalsite evenin thedark-adapted-ray structure.lt wasproposed
thatthe dark-adaptecndlight-exposedx-ray structuregepresenthe electron-transfemactive and
active conformationsyespectiely. Thus,in the statePt*QaQg  the equilibrium betweenelectron-
transferinactive and active conformationsprefersthe electron-transfeactive conformation,andin
the groundstatePQa Qg it prefersthe electron-transfeinactive conformation. The detectedpartial
occupang of Qg at the proximal binding site shavs that the preferenceof the equilibrium for the
electron-transfemactie or active conformationis lesspronouncedn the groundstatethanin the
stateP"Qa Qg (Figure3.7).

Thisfindingis in agreementvith kinetic measurementhatfoundthe electrontransferratefrom
Q, to Qg to beatleastbiphasic(Tiedeet al., 1996;Li et al., 1998). Thefastphasecanbeassigned
to the electrontransferin the electron-transfeactive conformation,andthe slov phaseto the con-
formationaltransitionfrom the electron-transfeinactive conformatiorto the electron-transfeactive
conformation. However, the quantitatve resultsof the two kinetic studies(Tiedeet al., 1996; Li
et al., 1998)are very differentand seemto be highly sensitve to the detailsof the experimental
procedure.Thefastratecomponenbf thetotal reactionyield, which is accordingto our interpreta-
tion identicalto the occupang of the electron-transfeactive conformationin the groundstate,was
measuredo be 25% by Tiedeet al. (1996)and60% by Li et al. (1998). A strongpreparatiorde-
pendeng wasexplicitly reportedanddiscussedTiedeet al., 1996). Thereporteddistributionsare,
however, notvery differentin termsof freeenegy. Thismeansthatvery subtlechange®f conditions
may have a stronginfluenceon the obsered distribution for both, experimentand calculation. We
concludethatthe free enepy differencebetweerelectron-transfeactive andinactive conformations
is closeto zeroandits exactvaluedepend®n the experimentakconditions.

Computational results. As mentionedabove, we computedthe reactionenegy of the electron
transferfrom Q4 to Qg to beuphill by 157meV in thedark-adaptea-ray structureof the bRCfrom
Rh sphaeoides We canthereforesupportthe assumptiorthat the dark-adaptec-ray structureis
electron-transfeactive. Our viewpoint is exclusively thermodynamic.Theremay alsobe kinetic
reasondor the inhibition of the electron-transfein the dark-adaptecd-ray structure(Stowell et al.,
1997), but we did not considerkineticsin the presentstudy In the following, we assumehat the
amountof electrontransferbetweenQa and Qg in the dark-adapted-ray structureis negligibly
small.

Fromtheresultsabore, we concludedhattheequilibriumbetweerelectron-transfeactive andin-
active conformationgrefersstronglytheactive conformationin the stateP*Qa Qg andonly weakly
theinactive conformationin the groundstatePQa Qg (Figure3.7). The valueof the conformational
equilibriumconstantn thestateP* Q, Qg is unknavn, but it would have implicationsfor thedetailed
mechanisnof the conformationabating. Dependingon the valueof the conformationakquilibrium
constantthe gatingmechanismmaywork betweerthefollowing two limiting cases:

1. The equilibrium constantcould be the samein the statesPQxQg and P*Q, Qg. Electron
transferfrom Q,™ to Qg will only occurin the smallfraction of bRCsin the electron-transfer
active conformation. After electrontransfey the equilibrium betweenelectron-transfeactive
andinactive conformationseadjustdy aconformationatransitionandfurtherelectrontransfer
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occurswith the effective rate of the conformationaltransition. In this mechanismthe Qg
reduction“pulls” the bRCinto the electron-transfeactive conformation.Hence,we call this
mechanisna pull-transition

2. Theequilibriumconstantouldbethe samein thestatesP™ Q, Qg andPTQa Qg , i. e already
thereductionof Qp (or otherlight-inducedeventsgoing alongwith the Qa reduction)triggers
the transitionto the electron-transfeactive conformation(Graigeet al., 1998). In this case,
the conformationaltransitionfrom the inactive to the active conformationwould also occur
without the electrontransferfrom Q, to Qg. The bRCis “pushed”into the electron-transfer
active conformation whetherthe electrontransferfrom Q, to Qg will actuallyoccuror not.
We call this mechanisma push-tansition Sincethe electron-transfereactionthatleadsfrom
the stateP*Qa Qg to thestateP™ Q, Qg is in thesub-millisecondime regime, themuchslower
conformationatransitionis still therate-limitingstepandtheelectrontransfereactionis there-
fore still gated. This rate limitation canonly be circumwentedby fixing the bRC in the state
P*Q, Qg, waiting until the conformationaltransitionto the electron-transfeactive confor
mationhasoccurred,andthenreleasinghefixation, sothatthe electron-transfecanproceed
ungated.This proceduras, however, only aGedankneperimentandcanprobablynotbedone
in reality.

The equilibrium constantetweerthe electron-transfeactive andinactive conformationdn the
statePtQ, Qg canbecalculatedrom thedifferencebetweerthecalculatecandexperimentallymea-
suredreactionenegiesof theelectrontransferfrom Q, to Qg asshavn in thefollowing: We neglect,
asmentionedabove, the electrontransferbetweenQa andQg in the electron-transfemactive con-
formation. We also neglect the occupang of the statePT*Qa Qg in the electron-transfemactive
conformationcomparedo the occupang of the samestatein the electron-transfeactive conforma-
tion. With theseassumptionstwo equilibriaremain: Oneis the equilibrium betweernP™ Q, Qg and
PtQaQg in the electron-transfeactive conformationwith the correspondingequilibrium constant
Kag, andthe otheris the equilibrium betweerthe electron-transfeactive (act) andinactive (inad)
conformationof thestateP™Q, Qg with thecorrespondingquilibriumconstancons (Figure3.7):

_ [P"QaAQg ae) (_AGAB> 312
[P+QA_ QBaa] ( AGconf )
f [P+QA QBinacI] =P KT ( )

Bothequilibriaarereachedastcomparedo therecombinatiomatefrom P*Q, Qg to theground
state(Tandoriet al., 1999). In our calculation,we evaluatedthe equilibrium constanKag, whereas
the above describedexperimentalmethodto measurethe equilibrium of the statesP*Q, Qg and
P*QaQjy yieldsanequilibrium constante, thatdescribeghe equilibrium of the statesP™Q, Qg
andP*QaQjg in bothconformationsthe electron-transfeactive andinactive. Sincethe occupang
of thestatePtQa Qg in theelectron-transfeinactive conformationis neglectedhere the expression
of theexperimentallydeterminedequilibrium constansimplifiesto

[P_l—QAQ.B_ad] < AG@(p)
Kep = - = = - 3.14
P~ [P*Qn Qo) + [PTQn Qopaa] T\ KT (3.14)

Theconnectiorbetweerthethreeequilibrium constantss the following:

K
Keonf = &P (3.15)

Kag — Kexp
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Usingeq3.10,theequilibriumconstantsn eq3.15canbecorvertedinto freeenegy, yieldingthe
following expressiorfor thefreeenepy of the conformationatransitionin the stateP*Q, Qg:

= (3.16)

AGeonf = KT In [exp(

AGeyp is the experimentallydeterminedeactionenegy of the electrontransferfrom Q. to Qg
derivedfrom Kep, andAGag is thecalculatedeactionenegy of theelectrontransferfrom Q, to Qg
for thefixedelectron-transfeactive conformationderivedfrom Kag.

SincethedifferencesdetweemMGe, andAGag is within experimentalandcomputationalincer
tainty, AGcont canonly beestimatedoughly Theexperimentahvaluesfor AGe, rangefrom -78meV
to -52meV (Arata & Parson,1981; Mancinoet al., 1984;Kleinfeld et al., 1984a;Tandoriet al.,
1999). The uncertaintyof our computationaresultis very difficult to estimatebecausdhe intrinsic
error of our electrostatiaonodelis unknavn. However, we assumepn the basisof our and others
experiencesthatour electrostatianodelis sufficiently accurateo beappliedsuccessfullyWe would
callanelectrostaticalculationof reactionenegy successfulif it reproducesxperimentakesultwith
anerrorof about+60meV, whichis equivalentto +1 pK unit. We assumehis valueto betheuncer
tainty of our computationatesultdueto the potentialerror of the underlyingmodel(but not dueto
statisticalor numericalerrorsin the computationaprocedurdtself). Hence the valuefor the differ-
enceAGeyp — AGapg is in therangefrom -82meV to +64meV. A negatie valueof this differenceis
notpossible sothattheremainingrangeis from O meVto +64meV. A valueof 0 meV correspondo
aninfinitely negative valuefor AG¢qnt, Which meanghatthe electron-transfeinactive conformation
is unpopulatedn the stateP*Q, Qg (Wwhenequilibriumis reachedpandthe conformationabatingis
doneby a push-transitiorasdescribedabore. A valueof +64meV for the differenceAGep — AGas
correspond$o avaluefor AG¢ont 0f +62meV or anequilibriumdistribution of about90% electron-
transferinactve conformationand10% electron-transfeactive conformationin the stateP™Q, Qg.
Suchadistribution is, at leastin termsof free enegy, very similar to thoseobsered by the kinetic
experimentdor thegroundstate(Tiedeet al., 1996;Li et al., 1998). This meansthatthedistribution
of theelectron-transfeactive andinactive conformationss similarin thegroundstatePQa Qg andin
thestateP*Q, Qg, sothatthe conformationabatingis doneby a pull-transition.

We concludethat the free enepgy of the transitionbetweenelectron-transfeactive andinactive
conformationsin the stateP*Q, Qg is smallerthan 62meV. Following the thermodynamiaycle
in the right part of Figure 3.7, we can calculatethe free enegy of the transitionbetweenelectron-
transferactive andinactive conformationsn the stateP™Qa Qg to be smallerthan-151meV, which
is in agreementvith previous conclusions However from our results,we cannotdecidewhetherthe
conformationabatingis mediatedpreferentiallyvia a push-transitioror a pull-transition.

Comparisonto earlier computations. Inthealreadydiscussedtudyof Alexov andGunner(1999)
the dark-adaptedndlight-exposedx-ray structureswvere not consideredseparatelybut in onecal-
culationwherethe different sidechain,Qg, and water conformerswere sampledtogetherwith the
titration stateshy a generalizedMC method.They includedthetwo bindingmodesof the Qg, distal
andproximal,in the sampling.For the stateP™ Qa Qg ", Qs wascompletelylocalizedat the proximal
binding site andthe distal binding sidewasnot populatedn agreementvith the light-exposedx-ray
structure(Stowell et al., 1997).For thegroundstatePQa Qg andthe stateP™ Q. Qg, thedistalbind-
ing sitewasoccupiedo 20% andthe proximalbindingsiteto 80%. Thisis in contradictionwith the
dark-adapted-ray structure which suggestshatin the groundstatethe preferredbinding site of Qg

is the distal site (Stowell et al., 1997). However, asdiscusseabore, the conformationakransition
from the electron-transfeinactive to the active conformationwhich meananostly the movementof

Qg from the distalto the proximal bindingsite, is enepgetically very easyandmay evenbetriggered
by subtlechangesn the experimentalconditions. The movementof Qg wasrecentlyobseredin a
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moleculardynamicssimulation(Grafton& Wheeley 1999),whereit wastriggeredby achangeof the

protonationpatternof the residuesGlu-L212 and Asp-L213(seenext section).Sothe contradiction
of the computationatesultsof Alexov andGunner(1999)andthe x-ray structuredoesnot necessar
ily meanthatthereis a severe problemwith the computationamodel. In agreementvith our results,
the electrontransferto Qg boundat the distal site wasreportedto be unfavorable,but a value of the

reactionenegy wasnot provided. Alexov andGunner(1999)proposedhat possiblysereralsmaller
conformationalkchangesandnot the transitionof Qg from the distal to the proximal binding site is

mostimportantfor the conformationabatingprocessThey concludedhis from theirfinding thatthe

electrontransferfrom Q, to Qg is uphill if they do notincludeconformationatelaxationin their cal-

culation(seeabore). However, in our studieswithout conformationafexibility for Rh sphaeoides
(Rabensteiret al., 2000)andRps.viridis (Rabensteiret al., 1998b),we obtainedenegy valuesfor

theelectrontransferfrom Q, to Qg thatarein goodagreementvith experimentalalues.Theintro-

ductionof conformationakelaxation(seesection3.2) for the bRC from Rps.viridis did not change
our resultsfundamentally(Rabensteiret al., 1998a). Hence,we disagreewith the assumptiorthat
numerousut smallconformationathangesot representedy thedifferentx-ray structuresarenec-
essanyfor the electrontransferandresponsibldor the conformationabatingmechanism.

3.2 Conformational relaxation

3.2.1 To beinvestigated:againthe bRC from Rps. viridis

It is obviousthatthe proteinmatrix of the bRCwill undego a conformationachangeuponelectron
transfer Thesechangesould be asdramaticalasassumedor the bRC from Rh sphaeoidesbased
on the x-ray structureg(Stowell et al., 1997) and studiedin section3.1. However, in generalthe
reactionaftertheeventof anelectrontransferor protonationof atitratablegrouparenumerousmall
relaxationmovementsof moleculargroupsin the neighborhooaf thetransition.Alexov andGunner
(1999) even proposesuchrelaxationmovementsas the conformationalgating stepfor the electron
transferfrom Q, to Qg in the bRC. In calculationswith a single, rigid structure theserelaxations
canberepresentetdy anincreasedlielectricconstang, for the proteininterior.

In this section,l will presenta methodwe developedfor simulatingthe relaxationexplicitly by
anenegy minimizationschemeWe appliedthis methodto studyasbeforethebRCfrom Rps.viridis
atpH 7.5with its quinonesn the statesQaQg, Qx Qs, QaQg, Qx Qg andQAQé‘. We will shaw
thatafterthe explicit relaxation thedielectricconstantanindeedbereducedrom e, = 4to g, = 2.

In one previous study at the bRC of Rps.viridis, an enegy minimization schemewas already
usedto obtainrelaxed proteinconformationgCometta-Moriniet al., 1993). In thatwork, alsothe
bRC state wherethe Qg is singly reducedandsingly protonated Qg H), wasconsideredHowever,
only a small partof the bRC hearQg wasincludedin that computationandthe minimizationwas
performedwith the titratableamino acidsin their standardorotonationstate(at pH 7 in solution).
Also noreactionenegiesfor electrontransferwerecalculated.

3.2.2 Methods
3.2.2.1 Structural relaxation

In the corventionalmethodfor calculatingprotonatiorpatternsstructuralrelaxationuponchangesn

the electrostatiqpotentialis not consideredxplicitly. Instead,it is incorporatecbnly in anaverage
way by using a dielectric constantof £, >4, which accountsfor electronicaswell asfor nuclear
polarizatioreffects(Warshel& Russel1984;Warshekt al., 1997).Thelatteraredueto reorientation
of chaged and polar moleculargroups. If only electronicpolarizability is taken into account,the
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dielectricconstants assumedo be €,=2, basedon the high-frequeng dielectricconstantof apolar
organicliquids (Sharp& Honig, 1990).

In our method nuclearpolarizationeffectsaretreatedexplicitly by structuralrelaxation.Thisis
achieredin thefollowing manner:

1. Togetreasonablstartingvaluesfor theprotonatiornpatternatagivenpH value,a corventional
calculationwith e,=4 is performedusingthe original unrelaxed crystalor NMR structure.

2. Now theatomicpartialchagesof thetitratablegroupsareassignedccordingo theirfractional
protonation. Theseatomic partial chagesare obtainedby a linearly weightedaverageof the
chagesof the protonatedand deprotonatedtate. Startingwith this chage assignmentywe
enegetically minimizedthe structureusingthe programCHARMM (Brookset al., 1983). To
save CPU-time we usedhomogeneoudielectricsfor theenegy minimization,which arevalid
only approximately To avoid artifactsdueto enegy minimization, proteinatomscloseto the
surfacearespatiallyconstrained.

3. Next, thecalculationof the protonationpatternis repeatedvith the minimizedstructure How-
ever, the dielectric constantfor the proteinis now setto a value of £,=2, sincethe nuclear
polarizationis taken into accountby the structuralrelaxation,which occursduring the mini-
mizationprocedure.

4. Steps2 and 3 arerepeatedteratively, until the calculatedfractional protonationof eachindi-
vidual titratablegroup differs lessthana tenth of a protonbetweensubsequeniterationsteps
providing selfconsistenc of structureand protonationpattern. Figure 3.8 summarizeghe al-
gorithm.

Notethattheenegy minimizationin step2 is performedwith theprotonatiorpatterncalculatedn
the previous step,but with the original structureasstartingconformation.In the absencef thermal
fluctuations,protonationpatternsand conformationsare able to stabilizeeachother so that rather
artificial conformationshecomepossible. Therefore,for eachminimizationthe original unrelaxed
structureis usedasstartingconformationin orderto prevent that during theiteration procedurehe
structuredrifts into conformationghataretoo far away from the original structure.

For the enegy minimizations the CoulombandLennard-Jonemteractionsverecalculatedwith
acut-of radiusof 10.0A usinggroupshift cut-of conditions.All atomswith adistanceof morethan
20A from thenon-hemeron wereconstrainedo their positionof theoriginal structureby aharmonic
potentialwith a force constanof 0.42kJ mol~* A2, We did notaddwatermoleculego the system,
but in contrastto the electrostaticalculationsthe watermoleculescontainedn the crystalstructure
wereincludedin the enegy minimization. Thesewatermoleculedill cavitiesin the proteinandcan
thusaccounfor anotherwiseheterogeneoudielectricmedium(Ulimannet al., 1996),which cannot
be handledwith CHARMM. For eachminimization procedurewe performed1000stepsof enegy
minimizationwith steepestiescentfollowed by 2000stepswith the conjugatedyradientmethod.

3.2.2.2 Calculating the enemgy of electron transfer for the relaxedconformations

At first, we calculatedthe protonationpatternsasbeforeandappliedthe relaxationprocedurgo the
bRCwith afixedquinonestate(QaQg, Q4 Qr, QaQg , Qx Q5 » orQAQé‘). Thisyieldedadifferent
conformationfor eachbRC state.Thus,in orderto calculatethe enegy of the electrontransferfrom
Qa to Qg, we hadto considertwo differentconformationgogether We did this by usingthe method
describedn section3.3. This requiresto determinethe value of AG{:onf (seeeq 3.190n page69)
for eachbRC state. This valuerepresentshe relative conformationaknegy of the protonationref-

erencestateof conformationl, i. e. of the state,whereall titratablegroupsarein their unchaged
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Figure3.8: Overview of thecompleterelaxationprocedure.
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protonationstate. The enegy of oneconformationcanbe choserarbitrarily Hence AGL ; canbe
consideredasthe enegy differencebetweenthe conformationakenegy of the conformationl itself
andthe enegy of an arbitrarily chosenreferencestructure. This enegy differencecanbe obtained

hom
Protein(0) AG cont (1) - Protein(l)

ep,sp, =0 ep,sp, =0

AG, (0) AGy ()

Protein(0)
€p:Eqr 1>0
S

Protein(l)
€p:€ g >0
S

. -l
AG inhom (l)

conf

Figure3.9: Thermodynamicycle to calculatethe conformationakneny.

via the thermodynamiaycle depictedin Figure 3.9 resultingin eq3.17 (whereGL”ohn?m(I) is identi-

calto AG,;, the superscriptnhomemphasizethatthis enegy is calculatedfor aninnomogeneous

dielectricmedium).
AGicnohn(%m(l) = Gicnohn?m(l) - Gicnohn?m(o) = AGEgrr# (I) + AGR(I) - AGR(O) (3.17)

Accordingto Figure3.9,the proteinwith a dielectricconstanty, is broughtfrom a mediumwith ho-
mogeneouslielectrics wheretheionic strengthis | = 0.0 andthedielectricconstants €, everywhere,
into the solventwith a dielectricconstangs andaionic strengthl > 0. In thehomogeneoumedium,
we obtainedthe conformationalenegy differenceAG9™ (n) simply from the CHARMM force field

(Brookset al., 1983). To distinguishthe conformationalenepgy in a homogeneoumediumfrom

the neededconformationalenegy in a inhomogeneousnedium, theseto enegies are labeledas
AGPM (n) and AGIM"e™(n), respectiely. The enegy AGg (eq 3.18)is requiredto bring a molecule
from a mediumwith a dielectric constantof €, andionic strengthl = 0.0 into a mediumwith a

dielectricconstanbf €5 andionic strengthl > 0.

1 N
AGr=73 3 Gl0lTisEpEs ) — 0T €, £,0.0)] (3.18)
i=

In eq3.18,@(Ti,€p, s, 1) is the solutionof the PBE (sectionl.1) with dielectricconstants, for the
proteinandes for thesolventandionic strength attheplaceof chageq; usingthechagedistribution
of thereferenceprotonation-stateThe sumin eq3.18runsover all chagesof the molecularsystem
in the referenceprotonation-state.The programMEAD, which we usedto calculateintrinsic pK
values|s alsocapablédo calculatethis enegy. However, sincethe electrostatigotentialof thewhole
moleculeis neededihegrid usedfor solvingthe PBEmustnow belargeenougho containthewhole
bRCevenatthefinestfocusinglevel. We usedinitially a200A cubegrid with a2.0A latticespacing,
followedby a100A cubegrid with a0.5A lattice spacing. The centersof bothgridswereplacedon
thegeometricatenterof thebRC.

A thermodynamiaycle similar to the one depictedin Figure 3.9 haspreviously beenusedto
calculaterelative binding constant®f diproteincomplees(Ulimannet al., 1997).
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3.2.3 Resultsand Discussion
3.2.3.1 Improved MC sampling with triple moves

As alreadymentionedn section3.1.2.4,the strongercouplingdueto the low dielectricconstantof
€p = 2 leadsto samplingproblems which canbe solved by introducingtriple moves. In Table 3.8,
examplesfor residueswith samplingproblemsare shavn, when the calculationswere performed
with singlemovesonly, with singleanddoublemoves,andwith single,doubleandtriple moves.For
someresiduesthe samplingproblemswith singlemovesor singleanddoublemovesweresostrong,
thatno statisticaluncertaintycould be calculated.For the calculationof the statisticaluncertaintyas
describedn section3.1.2.4,the correlationtime is neededeq 3.8 and3.9). The correlationtime,
however, cannotbe calculated,f the correlationfunction doesnot reacha lower limit. As canbe
seenin Table3.8,theintroductionof doublemovesfixessome but notall of the samplingproblems.
After introductionof triple moves, samplingproblemsdid not occurary longer andthe statistical
uncertaintywaslessthan0.01for all residues.

Table 3.8: Examplesof residueswith MC samplingproblems. Given are the protonation
probabilitieswith statisticaluncertainty(+10) for threeresidueswith samplingproblemsin
thefirst iterationof the Q, Qg state,calculatedrom MC samplingwith single,doubleand

triple moves.
residue single double triple
Glu-M171 (0.690)2 (0.726)2 0.649+ 0.005
0-His-H9 (0.660)2 0.742+ 0.005 0.741+ 0.005
0-His-M162 (0.314)2 (0.278 0.354+ 0.005

@ Resultis not corverged,statisticaluncertaintycould not be calculated.

3.2.3.2 Relaxedselfconsistentstructur es

Consisteng of enegy minimizedstructureandprotonationpatternwasreachedaftereightiterations
for eachbRC state. We calculatedroot meansquaredeviations (rmsd) of the final structurescorre-
spondingo differentbRCstategelative to theoriginal structureandrelative to eachother(Table3.9).
To aligntwo structuresyve usedthe algorithmof Kabsch(1976). Watermoleculesverenot consid-
eredin the calculationof rmsd.

Table3.9: Rootmeansquaredeviations(rmsd, in A) of therelaxedstructuregespectie to
thecrystalstructure(column“x-ray”) andto eachother Watermoleculesarenotincludedin
thecalculationof thermsdeviation.

structure xray QaQs Qs  QuQy QA Qs Qi
QaQB 0.670 0.000 0.096 0.096 0.154 0.122

Q.Qs 0668 0096 0.000 0132 0174  0.147
QaQ;  0.665 0.096 0.132 0.000 0132  0.109
QiQ; 0671 0154 0174 0132 0000  0.130
Q@i 0676 0122 0.147 0109  0.130  0.000

The rmsdof the final selfconsistenstructuregelative to the crystal structure averagedover all
atoms,is about0.67 A for all bRC states.However, the minimized structuresare not equalfor the
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differentbRC states. The rms deviation amongthe minimizedstructuress up to 0.17 A. Although
Stowell et al. (1997)recentlyreporteddramaticconformationathangesiponthefirst electrontrans-
fer from Qa to Qg (seealsosection3.1), the conformationakchangesalculatedherearerelatively
small. This is not surprising,sinceminimizationis only ableto find the next minimum, but not to
overcomeenegy barriers,which is necessaryo obtainlarger conformationakchanges.To consider
larger conformationakthangestmoleculardynamicsor MC dynamicamay beuseful(seechapterd).

3.2.3.3 Total protonation and individual site protonation

Table 3.10 shaws the protonationprobability of all non-standargrotonatedresiduesthat are less
than 25 A away from the quinones. Furthermore the differencein total protonationbetweenthe
groundstate Qa Qg of the bRC and the respectie other statesare listed. Significantdifferences
in the protonationpatternnearthe quinonesbetweenthe original structurebeforerelaxation(with
ep=4) andthefinal selfconsistenstructuresafterrelaxation(with €,=2) occurredonly atfour residues
(Glu-H177,Glu-H234,His-L211, His-M16). The histidineschangedetweend ande tautomey but
they remainednearlyunprotonated.The two glutamateshangedrom anintermediatgorotonation

Table 3.10: Total protonationof the bRC andindividual site protonationsat pH 7.5 before
relaxationby enegy minimization(g,=4) andafter relaxation(ep=2). All residueswithin a
distanceof 25 A from oneof thetwo quinonesandwith atleast0.05protonsdeviation from
standardprotonationare shavn, exceptN-termini of L- andM-chain which arecompletely
deprotonatedh all statesheforeandafterrelaxation.For histidines,notthe protonation put
thefraction of &-/e-tautomeris given. The remainingpart (oneminusfractionof & tautomer
minus fraction of € tautomer)is the fraction of protonatedhistidine (i. e. with a proton at
the &N andat the e-N). Histidinesprotonatedonly at N¢» areconsideredo bein standard
protonationandnotincludedin thetable.

residue relaxation QaQs Qa Qs QaQgp Qa Qg Qa Qs

cluas  before 0.05 0.06 0.05 0.06 0.05
after 0.00 0.00 0.00 0.00 0.00
before 0.01 0.01 0.01 0.01 0.01
GIu-HI7  fter 0.03 0.04 0.06 0.04 0.03
before 0.03 0.06 0.59 0.80 0.09
GlU-HLT7  fier 1.00 1.00 1.00 1.00 1.00
before 0.27 0.30 0.26 0.27 0.25
Glu-H234  er 0.98 0.98 0.98 0.99 0.98
before 1.00 1.00 1.00 1.00 1.00
Glu-L104  ter 1.00 1.00 1.00 1.00 1.00
before 0.99 0.09 1.00 1.00 1.00
Glu-L212 der 1.00 1.00 1.00 1.00 1.00
LioLo1y  before 047/053 050/050 053/047 053047 0.58/0.42
after 0.86/0.14 0.91/0.09 0.95/0.05 0.95/0.05 0.98/0.02
ioag  before 0.25/0.73 0.25/0.72 0.25/0.73 0.25/0.73  0.24/0.74
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
after 0.00 0.02 0.05 0.02 0.03

lexpressedsdifferenceto the groundstateQa Qg, statisticaluncertainty(+10) is +0.02
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probabilityin the original structureto a (nearly)completeprotonationin therelaxedstructure Hence,
our relaxationmethodtendsto stabilizefully deprotonatedr protonatedstatesascanalsobe seen
lesspronouncedor mostof the otherresidues Glu-H177andGlu-H234areresponsibldor mostof
the changein total protonationfor the unrelaxed structure.Due to the describedstabilizationeffect,
for the relaxed structures poth residuesare almostfully protonatedn all bRC states. Hence,the
stabilizationeffect is responsibldor the much smallerchangesn total protonationof the bRC, if
structuralrelaxationis applied(seelasttwo rows of Table3.10). At afirst glance,this effect seems
surprising sinceadecreasef electrostatiscreenindy reducingthedielectricconstanbf theprotein
from €,=4 to £,=2 will leadto increasedlifferencesn the protonationpatterndueto changingthe
redox stateof the quinones. The structuralrelaxationseemso replacethe dielectric screeningoy
usingthe larger dielectricconstantof £p=4. As a further consequenceghangesn total protonation
werereducedo valuesassmallasthe statisticaluncertainty However, the absencef protonuptale
uponchangingof the initial stateQaQg is notin agreementith experimentalresults. At pH 7.5,
Marbti and Wraight (1988) and McPhersoret al. (1988) measuredoth an total proton uptale of
0.34for thetransitionfrom the Qa Qg-stateto the Q, Qg-stateof thebRCof Rh sphaeoides Sebban
et al. (1995)measuredhis valueatthebRCof Rh capsulatugo be0.24protons.Usinganunrelaxed
bRCstructurethe calculatedvalueof thetotal protonuptale agreesetterwith experimentakesults.
The protonuptale for the transitionfrom the Qa Qg-stateto the Qa Q5 -statewasdeterminedo be
0.37by McPhersoret al. (1988)and0.90by Maroti andWraight(1988).Both valuesweremeasured
with the bRC of Rh sphaeoides The protonuptale uponthefirst electrontransferfrom Qa to Qg
(Qx Qe—QaQg ) istherefored.03(McPhersoret al., 1988)or 0.56(Maroti & Wraight,1988).From
ourcalculationsyve gotavalueof 0.46protonswith theunrelaxed structureand0.03with therelaxed
structuresHence,|in this casetheresultsfrom the relaxed structuresagreewith the measurementsf
McPhersoret al. (1988),while theresultsfrom the unrelaxed structureagreewith the measurements
of Mar6ti andWraight(1988).In additionto the problemthatdifferentexperimentalgroupsobtained
differentresults acomparisorwith theseexperimentatdlatamaybeproblematiaueto thedifferences
betweenthe bRC of Rps.viridis usedin our calculationsandthe bRC's of the purple bacteriaused
in the experiments(Rh sphaeoidesor Rh capsulatus Also a partial protonationof the chaged
guinonesmay contrikute to the experimentalalues but wasnot consideredn our study

3.2.3.4 Energeticsof the electron transfers

We consideredherethe first andthe secondelectrontransferfrom Qa to the unprotonatedg. The
first electrontransferis the transitionfrom the Q, Qg-stateto the QA Qg -state. We calculatedthe
driving force of the electrontransferwith thesetwo structuresusingthe methoddescribedn sec-
tion 3.3 (seebelaw). Thereferenceprotonationandredoxstateof both structuresusedin the elec-
trostaticcalculationandin the calculationof the relatve conformationalenenpy, is the statewhere
all titratablegroupsarein their unchaged protonationstateandthe quinonesarein the redoxstate
QaQg . Theconformationobtainedoy minimizing the enegy with the quinonesn the QA Qg -state

is consideredisconformatior0 accordingto Figure3.9. Thenwe obtained-16 k/molfor AGI9T ().

AGR(0) is 20 kd/mollower thanAGg(n), sothat GMe™(1) is +4 kJ/mol. We usedthis valueto cal-
culatethereactioneneqgy of thefirst electrontransfey yielding -95 mV (9.2 kJ/mol). If no structural
relaxatiorwasapplied,i. e. usingonly theoriginal structurewith £,=4, we calculatecanenegy value
of -160meV (section3.1.3.2).Experimentallya valueof about-150meV wasmeasuredor thebRC
of Rps.viridis (Baciouet al., 1991). Thevaluefrom the calculationwithout structuralrelaxationis
notnecessarilypetterthanthe valueobtainedrom thecalculationwith relaxation sincethedeviation
of bothvaluesfrom the experimentalvaluearewithin experimentaluncertainty Baciouet al. (1991)
measuredilsothatthe enegy of thefirst electrontransferis approximatelythe sameat pH 7.5 and

pH 9. At pH 9, anothergroup determineahis enegy to be about-120 meV (Shopes& Wraight,
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1985),which s closerto the valuecalculatedwith structuralrelaxation.In analogyto the resultsfor
the protonationpattern the calculationof thereactionenegy of thefirst electrontransferyields sim-
ilar resultswith the relaxationprocedureanda dielectricconstanbf €,=2 for the proteinaswithout
relaxationande,=4.

For the seconcelectrontransfey the bRC structuresof the statesQ, Qg and QAQE; werecon-
sidered.The referenceprotonationandredoxstateof both structureds the statewhereall titratable
groupsarein their unchaged protonationstateandthe quinonesarein the redoxstateQa Q%f. The
conformationobtainedby minimizing the enegy with the quinonesin the QAQé‘-stateis consid-
eredasconformation0 accordingto Figure3.9. We obtained+206 kJ/molfor AGP™ (1). AGR(0) is

conf
13kJ/molhigherthanAGg(n), sothatGnthom(1) is +193kJ/mol. Togethemith theelectrostaticalcu-
lation, this resultedn atotal reactionenegy of +1,2eV (120kJ/mol)for thesecondklectrontransfer
from Qa to theunprotonated)g. Withoutrelaxation(section3.1.3.3) we calculatecanenegy value
of +1,1eV (110kJ/mol). Again, without structuralrelaxationande,=4, theresultsaresimilar to the
resultswith structuralrelaxationande,=2. Theresultalsosupportsour conclusionfrom section3.1,
wherewe foundthatthereactionenegy for the seconcelectrontransferfrom Qa to theunprotonated
Qg is too large to allow a doubly reducedunprotonated)g asathermallyaccessibléntermediate.
Hence theseconcelectrontransferwill notoccurbeforeprotonationof the singly reducedQg. Even
with explicit consideratiorof structuralrelaxation,our conclusionsobtainedfrom unrelaxed bRC

structuregemainunchanged.

3.2.3.5 The dielectric constantwithin the protein

Thevalueof the dielectricconstant, taken for the proteinvariesconsiderablyrangingfrom g,=1
(Mueggeet al., 1996; Scarsiet al., 1997)to £,=20 andlarger (Warshelet al., 1984; Antosievicz
et al., 1994; Demchuk& Wade,1996). A high dielectricconstanseemdo yield betteragreement
with experimentaldata,if simplifieddescriptionf the proteinchagesareused(Antosiavicz et al.,
1994). In thosecalculationsthe protonationof atitratableaminoacidis modeledby simply placing
aunitchageatacentralatomof thetitratablesite. With a moredetailedchage model,whereseveral
atomic partial chagesof the titratableresidueare changedupon protonation,good agreementvith
experimentaldatawas achiezed by usinga dielectricconstantof £,=4 (Bashfordet al., 1993; An-
tosiawicz et al., 1996). Apparently thelarge valueof the dielectricconstan(e, >20) wasnecessary
to compensaté¢he effectsfrom an unrealisticchage distribution, wherea unit chageis placedat a
centralatomof thetitratablesite. The dielectricconstantof £,=4 canbe rationalizedasfollows: A
factorof 2 accountdgor theeffectsof electronicpolarization anotherfactorof 2 or morefor theeffects
of nuclearpolarization,i. e. for thereorientatiorof dipolesanddisplacementsf atoms(Warshel&
Russel1984;Warshel& Aqvist, 1991;Honig & Nicholls, 1995;Warshelet al., 1997). Themethod
presentedhereconsidergeorientatiorandrelaxationeffectsexplicitly. Theapplicationdemonstrates
thattheresultsfrom a conventionalcalculationwith a detailedchage modelanda dielectricconstant
of £p=4 without structuralrelaxationare similar to the resultsfrom a calculationwith a dielectric
constanbf e,=2 with structuralrelaxation.Thus,our resultssupportthe rationalizationgivenabove.
Anotherinterestingstudyto understandhe valueof €, wasdoneby DemchukandWade(1996).
They analyzedhedependencef calculatedoK; valuesonthedielectricconstancarefullyandmade
theinterestingobsenration thata large dielectricconstantied to betteragreementsvith experiments
for residueghat are on the surface of the proteins,while for residueghatareburied in the protein
betterresultswere obtainedwith a small dielectricconstant.This obserationis in goodagreement
with calculationof the dielectricconstantsn proteins(Simonsoret al., 1992;Simonson Perahia,
1995a,1995b; Simonson& Brooks, 1996). The dielectric constantat the moreflexible surfaceof
proteinsturnedout to be about10 to 20, while it wasabout2 to 4 in the interior of the protein.
Consideratiomf individualwatermoleculesn computation®f pK ; valuesin proteinsdonotimprove
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the agreementvith experimentalresults(Gibas& Subramaniam1996). This resultmay be dueto
the unknavn orientationof watermoleculesn crystalstructureqUIlimannet al., 1996; Rabenstein
et al., 1998b,1998a;Kanntet al., 1998). Furthermorewatermoleculesmayreorientwhenanearby
titratablegroupchangests protonation.A promisingmethodto includethis in titration calculations
wasappliedby Alexov andGunner(1999).

3.2.4 Concluding remarks

We have to keepin mind thatwith the presentprocedureo calculateprotonationpatterngheinitial
protonationpatternobtainedwith the higherdielectric constante, = 4 andthe unrelaved structure
tendsto bestabilized,evenif this protonationpatternis wrong. A relatedeffect could be obsered by
Wilodeket al. (1997).

Individual titratablegroupsthatarepatrtially protonatedn the unrelaxed proteinstructuretendto
befully protonatedr deprotonateéh theselfconsistentlyelaxedstructure)eadingto astructureand
protonationpatternof lower enegy. This may be a resultof the structuralrelaxationmethod,where
the protonationpatternand the structureare enegetically minimized, correspondingeffectively to
a dynamicat vanishingtemperatureand thereforecorrelatingstructureand protonationpatterntoo
strongly With an molecularensembleat non-\vanishingtemperaturethesecorrelationsarereduced
dueto suitableentropiccontributions. Suchan ensembleannotbe generatecasilywith molecular
dynamicssolving Newton’s equationof motion. DuringanMD simulation,it is impossibleto change
theprotonatiorpatterndiscontinuouslyThis problemdoesnotoccurwith MC dynamicsaspresented
in chapter2. A combinationof titrationandMC dynamicsis outlinedin chapter4.

MC dynamicswill alsosolve anotheproblemwhich appearsvith structuralrelaxationby enegy
minimization.In contrasto enegy minimization,MD andMC dynamicsareableto overcomesnegy
barriers.Thisis oftennecessaryevenif only apparentlysmall conformationathangesreinvolved.
To demonstratehis, we tried to calculatealsothe enegeticsof protonationreactionsof the Qg in
the bRC (resultsnot shavn). Our relaxationprocedurevasnot ableto give enegetically favorable
selfconsistenstructuredor theprotonatedtatef Qg, sothatthestatesvhereQg wasunprotonated
werefavoredstronglyagainsthosestatesvhereQg was protonatedresultingin anunrealistichigh
enegy for the protonationof Qg. A similar resultwas obtainedby Cometta-Moriniet al. (1993),
who alsoapplieda minimizationschemedor structuralrelaxationandfound that the singly reduced
Qg is completelydeprotonatedver the pH rangefrom 6 to 11. Assumingthatfor the protonationof
Qg aconformationaknepy barriermustbeovercome gnegy minimizationis notsuficientto obtain
properly relaxed structures. Therefore,a relaxationprocedureneedsto be appliedthat generates
proteinconformationsat non-\anishingtemperatures.

3.3 Titration of an ensembleof protein conformations

3.3.1 To beinvestigated: carbonmonoxymyoglobin

Myoglobin is one of the mostwidely studiedproteins. Numerousx-ray structureswith different
myoglobinligandsandunderdifferentphysicalconditionsweresolvedin thepast.In this sectionwe
focuson a setof structuresof spermwhale carbonmonoxymyoglab (MbCO) that are preparedat
pH valuesof 4, 5, and6 (Yang& Phillips Jr,, 1996). This setof structureshaws thatatlow pH, His-
64 — animportantresiduefor O, specificity (Springeret al., 1994)— swingsout of the CO binding
poclet. It is assumedhata protonationof His-64 goesalongwith this remarkableconformational
changgYangé& Phillips Jr.,, 1996;Johnsoret al., 1996).

The protonationbehaior of myoglobin has beenstudiedextensvely by theoreticalmethods
(Shireet al., 1975;Bashfordet al., 1993;Yang& Honig, 1994;Sandbay & Edholm,1999). How-
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Figure3.10: Heme,CO ligand, andsidechain®f His-64 andHis-93 from thethreeMbCO
x-ray structuresat pH 4, 5, and6. Hydrogenatomsof the hemeare not drawn for the sale
of clarity. The mainfeatureof the structuralchangess the rotationof His-64 out of the CO
binding pocket at low pH. Accordingto our results,protonationof His-64 goesalongwith
this rotation. The unprotonatedis-64 prefersthe € tautomericorm.
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ever, in thesestudiesconformationaflexibility wasnot considereaxplicitly.

3.3.2 Methods

To take into accountthe structuraldifferenceswithin the setof x-ray structuresthe continuumelec-
trostaticsmethodmustbe extendedto include an ensembleof multiple conformationgUlimann &
Knapp,1999). Therearenumerousapproacheso includemultiple conformationsn the calculations
of protonationbehaior (Buonoet al., 1994; You & Bashford,1995; Beroza& Case,1996; Sham
et al., 1997; Schaeferet al., 1997; Alexov & Gunney 1997,1999). However, thesemethodsare
not feasiblehere,sincethey accountonly for conformationathangef titratablegroups,explicitly
simulatedwatermolecules,and/orhydrogens.Here, a small numberof proteinstructuress given
with completelydifferent setsof atomic coordinates.Hence,not only atomsof the backboneand
non-titratablegroupsare displaced but alsothe dielectricboundaryis changed.In this section,we
presentanev methodto treata givenensemblaef a smallnumberof arbitrarily differentconformers
of aprotein.

3.3.2.1 Coordinatesand parameters

In our calculationswe usedx-ray structure®f spermwhalecarbonmonoxymyoghin (MbCO)atpH
values4, 5, and6 (Yang& Phillips Jr., 1996). The PDB identifiersandresolutionsof thesestructures
arelspeand2.0A for pH4, 1vxcand1.7A for pH5, and1vxf and1.7A for pH6. For theresidues
79 to 81, the structureslspeand 1vxc containtwo alternatve conformationsA and B, which we
consideredeparatelyThus,we gotfive differentstructuresalledin thefollowing 4a,4b,5a,5b,and
6, with thedigit correspondingo theirrespectre pH valueof preparatiorandthelettercorresponding
to the conformationof the residues/9 to 81. As before,we removed the sulfateion andall water
moleculesfrom eachstructure. We consideredastitratablegroupsthe C-terminus,the N-terminus,
the two propionatesof the heme,and all aspartatesglutamatesarginines, lysines, tyrosines,and
histidines with the exceptionof His-93,which coordinateshe hemeiron andis thereforeconsidered
to benon-titrating.Differentto theextended-atonmodelusedbefore we usedfor MbCO anall-atom
modelwhereall hydrogenatomsweretreatedexplicitly with the exceptionof the hydrogenatom of
protonatedcarboxylgroups.In this case the hydrogematomwastreatedmplicitly by distributing its
chage symmetricallyto the two oxygenatomsof the carboxylgroup. The coordinateof hydrogen
atomsweregeneratedvith CHARMM (Brookset al., 1983). The positionsof hydrogenatomswere
enegetically optimizedusingthe CHARMM programwith the CHARMM22 force field (MacKerell
et al., 1992),while the heary atompositionswerefixed. For this optimization,all titratablegroups
werein their standardprotonation(i. e., aspartateglutamate heme-propionatand the C-terminus
unprotonatedarminine, histidine, lysine, tyrosineandthe N-terminusprotonated) All atomicpartial
chages,includingthatof theheme andtheatomicradii weretakenfrom the CHARMM 22 forcefield
(MacKerell et al., 1992). However, we neededo apply somemodificationsandendorsementsis
mentionedabove, the protonof protonatedarboxylgroupss notrepresentedxplicitly, but simply by
symmetricallydistributing its chage to the atomsof the unprotonatedarboxylgroup (Table3.11).
We did this sincewe cannotknow the exact binding site of the proton. A more detailedapproach
would be to introducemore thantwo statesfor a titratable group similar to the way it was done
for histidineshere (Bashfordet al., 1993; Beroza& Case,1996; Alexov & Gunney 1997). For
similarreasonsthe deprotonatiorof Arg, Lys,andthe N-terminuswasrepresentetly symmetrically
removing a unit positive chage from the atomsof the titratablegroup(Table3.11). For the chages
of deprotonatedyrosine,which arenot partof the CHARMM22 parameteset,we basedour chages
on quantumchemicalcalculationsasdescribedabore. Atomic partial chagesthatarenot explicitly
partof the CHARMM22 parametesetarelistedin Table3.11.
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Table3.11: Atomic partialchaigesof titratablegroups.

Group protonateddeprotonated
Carboxyl(exceptC-term.)

C-a -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-¢ -0.70 -0.81

C-C 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-C 0.11 -0.18

hydroxyl O -0.54 -0.82

hydroxylH 0.43 0.00

3.3.2.2 Titration of singleconformers

First,we calculatedheprotonatiorpatternof all five structureseparatelyThiswasdoneasdescribed
before. For the solvation of the PBE, we performedthis time grid focussing(Klapperet al., 1986)
in two steps. Initially, we useda 80 A-cubewith a 1.0 A lattice spacingcenteredat the geometric
centerof theprotein,followedby a20 A-cubewith a0.25A lattice spacingcenteredatthe considered
titratablegroup. All otherparametersverethe sameasin the previous calculations.

Thenumberof titratableresiduef MbCOis only 73, notabout200asfor thebRCabaove. How-
ever, the numberof possibleprotonationstatess still too large to be calculatedexactly. Therefore,
we usedagainthe MC samplingwith the sameparameterasbefore. However, this time we did one
completesamplingfor each0.1 pH incrementin the rangefrom pH 3 to pH 7. For eachsampling,
we performed10,000full scansandafterthat100,000so-calledreducedscans.The statisticalerror
for eachsinglegroupwassmallerthan0.003,andthe statisticalerror of the total protonationof the
whole myoglobinwasalwayssmallerthan0.05protons.

3.3.2.3 Titration of a conformational ensemble

To accountfor conformationalariability in computationsf electrostatienegies, Eq. 3.1 mustbe
modified,yielding Eq. 3.19,whichis theenegy G™' of the protonatiorstaten in a certainconforma-
tion| (Ullmann& Knapp,1999).

N

M-y ((XE—XE)RTIMO(pH— PRl + 3 WMXE—XE)(XC—XS)) +0Gky  (319)

=i
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TheinteractionparametergKi'mryu andWi'N depenchow ontheactualconformationl. Theconforma-
tionalreferencenegy AGL = G« — GL,¢ iS theenegy differencebetweeranarbitrarily chosen,
albeitfixed, referenceconformationr andthe actualconformationl. For the computatiorof AG, .,
the proteinmustbein its referencerotonationstatefor bothconformations andl, i. e, all titratable
groupsarein their unchaged protonationstate. If thereareL conformationsn the conformational
ensemblethetotal numberof combinedprotonatiorandconformationabtatess L - 2N (with N being
the numberof titratablegroups). The thermodynami@veragein Eq. 3.7 mustnow be evaluatedfor
all L- 2N stategyielding Eq. 3.20(Rabensteiret al., 1998a).
2N

L
3,2 5e0-CV/RT)

n=

(Xa) = - (3.20)

L
S Y exp(—GM/RT)
|I=1n=1

The occupatiorprobability o, of a certainconformationm within the conformationaensemblean
alsobe calculatedby athermodynami@verage:

2N
S exp(—G"M/RT)
n=1

Om= (3.21)

L 2N
S 3 exp(~GM/RT)
I=1n=1

Again, the thermodynamicaveragecan only be calculatedanalytically for a small numberof
titratablegroupsand conformationsasit wasdoneby Rabensteiret al. (1998a). However, in the
caseof MbCO, the numberof titratablegroupsis N = 73 andthe numberof conformationds L = 5,
so that the numberof statesis 5-273. We sampledalso this increasechumberof statesby an MC
method. We did this by introducingconformationaMC movesin additionto the titration moves.
However, in doing so, the conformationakamplingprovedto be not efficient enough.To overcome
this problem,we appliedparalleltempering(Geyer, 1991).

3.3.2.4 Parallel tempering

In paralleltempering(Geyer, 1991),the MC simulationis not performedfor a singlesystem put for

I non-interactingsystemsin parallel. Eachsystemis a copy of the original single systemwith the
only differencein temperaturd . Thesystemsarenumberedrom 1to | in awaythatT,1 > T; (with
0 <i < 1). Titration andconformationaimovesareappliedasbeforeto eachof the parallelsystems
independentlyHowever, athird kind if moveisintroducedaso-calledemperingnove (Figure3.11).
This move exchangeghe protonationstateX; andthe conformationl; of arandomlyselectedsystem
i (i <) with the protonationstateX; 1 andthe conformationl;;0f systemi + 1. A temperingmove
is acceptedvith the probability

p=min[Lexp(R (T ' =T.1) (G —Gis1))] (3.22)

whereG; is theenegy G™' accordingo Eq.3.19for the currentprotonatiorstaten andconformation
| of systemi. The paralleltemperingprocedureyields for eachparallelcopy a canonicalensemble
at the correspondindemperature Although the simulationof several ensembless morecostly the
temperingmoves decreasehe correlationwithin eachensembleand hencedecreasehe statistical
error Paralleltemperingcanalsobe usedto improve the MC samplingof peptideconformationsas
describedn chapterz (Hansmannl1997).

In our MC simulationsfor the completesetof ensemblegor all five myoglobin structureswe
appliedparalleltemperingat thetemperature800K, 400K, 533K, 711K and948K. For the evalu-
ationof our results,we considerednly the simulationdataat 300K. We addedonetemperingmaove
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Figure3.11: Schemeof anMC simulationwith paralleltempering.

andten conformationalmovesper MC scanof corventionaltitration moves. For eachsampling,we
performed2,000full scansand 100,000reducedscans,leadingto a statisticalerror (at 300K) of
lessthan0.02for the protonationprobability of singlegroups,of lessthan0.1 protonsfor the total
protonationof myoglobin,andof lessthan0.02for the occupang of individual conformations.

3.3.2.5 Conformational referenceenergy

For the MC samplingof the conformationalensemblereasonablevaluesfor AGL ¢ arerequired.

Thesevaluescanin principle be obtainedfrom a moleculardynamicsforce field like CHARMM
(Rabensteiret al., 1998a;Ullmann & Knapp,1999),asthis wasdonein section3.2. However, it
is unlikely thatthis methodwill give reasonableesultsin the caseof the differentMbCO structures.
Thesestructuresarederived from crystallographidataandthereforeinevitably involve smalluncer
taintiesin theatomiccoordinatesSmall structuralchangesithin theseuncertaintiecanchangehe
enegy valueobtainedfrom aforcefield dramatically Onecouldtry to solve this problemby adjust-
ing the structuresaccordingto theforcefield used,e. g. with anenegy minimization. It is, however,
questionablein which way this shouldexactly be donewithout introducingan uncontrolledbias of
theresults. Therefore we decidedto useanothermethod,wherea modificationof the given x-ray
structuresvasnot necessary

First, we determinedthe AGL; valuesonly within the two alternatve conformationsin the x-
ray structurefrom pH 4 (4a and 4b) andin the x-ray structurefrom pH 5 (5a and 5b), i.e. we
simulatedtwo-memberensemblegonsistingof 4aand4b or of 5aand5h The occupang of the
two conformationsvasdeterminedoy the crystallographerso be 0.78for 4a,0.22for 4b, 0.76 for

5aand0.24for 5b. Ouraimwasto find AG. ¢ valuesthatreproduceheseoccupanciesjenotedas

a{arga, in the multi-conformationaMC sampling.We achieved this by aniteratve method.We did
first MC simulations(onefor 4a/4b,onefor 5a/5b)wheretheinitial valueof AG,,, wassetto zero.
ThepH-valuefor thesesimulationswerethe sameasthosefor the preparatiorof thex-ray structures,
i.e. pH 4 for 4a/4b,pH 5 for 5a/5b Fromthe calculatedoccupancies!. . of the conformationsa

calc
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|
conf*

correctionenegy AGL,,, wasderivedby Eq. 3.23,whichwasaddedo AG

|
a
AGpy; = RTIn <2 (3.23)

Otarget

If ourinitial MC samplingwerenot afflicted with a statisticalerror, the correctedvaluesfor AG!

conf
would be thosewe werelooking for. However, thereis a statisticalerror of al,,., andthe resulting
errorof AGLOrr is especiallylarge if 0‘|ca|c is nearto zeroor unity. Sowe iteratively repeatedhe MC

simulationswith the correctedAG,,,, valuesto getnew valuesfor AGL,,;. We did this until the root

meansquaredeviation (rmsd)of the calculatecbccupanciesx{;aIC comparedo thetargetoccupancies
a{arga was smallerthan 0.01, which was fulfilled after oneto threeiterations,dependingon the
calculation.For corveniencewe shiftedthe AGL; valuesadditively aftereachiterationsothatthe

shiftedvaluesfor 4aand5awerealwayszero. As shiftedAGL ¢ valuesfor theotherconformations,
we obtained6.78kJ/molfor 4b and-0.11kJ/molfor 5h
In the next step,we determinedAGLonf valuesfor the samplingof all conformationstogether
Again we appliedaniteratve methodasbefore. The problemis, thatvaluesfor the target occupan-
ciesarenot directly available from experiment. Therefore we assumedthat, averagedover the pH
rangefrom 3 to 7, all threegroupsof structuresda/4b,5a/5b,and6, arerepresentingquallywell
the completeensembleof the infinite numberof possiblemyoglobin conformations. Hence,their
occupanyg integratedover this pH rangeshouldbe equal(1/3). With this assumptionwe couldapply
theiterative methodasbeforewith only afew modifications:Theoccupany of a conformationa. .
is now calculateday integratingthe calculatedbccupang atacertainpH a'pH overthepH rangefrom
3to7:
pH7
al:alc = / alpHdpH (3.24)
pH3

For this calculation,the occupancie®f 4a and4b (or 5a and5b, respeciiely) were always added
together Their relative AG,, . valueswerefixedto the valuesgivenabaove. Theinitial guesdor the

AGl, valueswas-100kJ/molfor 4aand-5kJ/molfor 5a. Thevaluefor structureb wasfixedto be

zero. TheresultingAG,,,; valueswere-98.29%J/molfor 4a,-91.51kJ/molfor 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

The calculatedpopulationprobability of the conformersda, 4b, 5a,5b, and6 is plottedover the pH
rangefrom 3 to 7 in Fig. 3.12. Indeed,conformer6 hasits maximumpopulationat the highestpH
valueandconformersda and4b are mostpopulatedat the lowestpH value. Conformerssaand5hb
shav a maximumof their populationprobability at intermediatgoH values. For 5b, this maximum
is locatedas expectedat aboutpH 5, whereador 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 (seeTable 3.12). However, the shapeof
the populationcurvesof the correspondingonformemair 4aand4b differ less.Also thedifferences
betweenda/4bandthe otherconformersis not surprisingsincethereis a larger rmsdof about1.1A
andtheextremedisplacemenof the His-64 sidechain.Theconformationatlifferencebetweerba/5b
and6 arelesspronouncedbut neverthelesshe shape®f their populationcunesarequite different.
In summarywe concludethat our methodwas ableto calculatepopulationprobabilitiesof the
MbCO conformersthat are qualitatively correctand consistenwith the experimentalconditionsof
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population

Figure3.12: Calculatecpopulationprobabilitiesof thedifferentconformersn thepH range
from3to 7.

Table3.12: Rootmeansquaredeviations(rmsd)in A for thefive x-ray structuresof MbCO
consideredn this work. Eachtwo comparedstructuresverealignedusingthe algorithmof
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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the x-ray structuredetermination.Thesepopulationprobabilitiesare sensitve to even small confor
mationalchanges.

3.3.3.2 Titration behavior of individual sites

Dependingon thetitratablesite, thetitration curvesaremoreor lesssimilar for the differentconfor
mations. For somesites,however, thereare extremedifferences.This is the casefor His-64, which
featureghe swing out of the CO binding pocket atlow pH values. Fig. 3.13 shaws the protonation
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Figure3.13: Left panel: Protonatiorprobability of His-64 for the conformerstaand6, and
for all conformergogether(total). The protonatiorprobabilitiesfor the otherconformersare
not showvn sincethey arevery similar to 4a (4b) or 6 (5aand5b). Rightpanel: Population
probability of thetautomerof His-64,consideringall conformergogether

probability of His-64 for differentconformers. For the conformersba, 5b, and 6, His-64 is nearly
unprotonatedt all pH values.For the conformersdaand4b, whereHis-64 hasswungout of the CO
binding poclet, it is partially protonatedup to 80% at low pH-values,but even at high pH-values
nearly50%. If all conformersareconsideredogetherthe protonationof His-64is closelycorrelated
to thepopulationprobability of conformerglaand4b (Fig. 3.12)andthuswith therotationof His-64.
This is in agreementvith experimentalfindings (Yang & Phillips Jr., 1996). The d-proton of the
protonatedHis-64 in the 4a/4b-conformatiorns in hydrogenbond distance(l.&&) to the backbone
oxygenof Asp-60. The distanceof the d-protonto the carboxygroupof Asp-60,whichis according
to our resultsnegatively chagedat all pH values,is 3.7A. The hydrogenbondandthe electrostatic
attractionbetweenthe positively chagedHis-64 andthe negatively chaged Asp-60may be respon-
sible for pulling the protonatedHis-64 out of the binding poclet. In the conformersba, 5b, and 6,
His-64is notinvolvedin ary stronghydrogenbondwith the proteinmoiety or the heme.(However,
hydrogerbondingto watermoleculesn cavities of the proteinis still possible.In thex-ray structure,
watermolecule35 (structure6) or water molecule36 (structure5a/b)is in hydrogenbonddistance
(3.1A or2.7A, respectiely) to N of His-64.) In our calculationsyve alsodeterminedhe population
probabilitiesfor the two tautomersof histidine. Our resultfor His-64 is shavn in Fig. 3.13. The
unprotonatedHis-64 prefersthe e-tautomerwhichis alsoreflectedn Fig. 3.100n page67.
Thetitratableresidued.ys-79andHis-81 aredirectly involved in the conformationaldifference
betweenbaand5b, or 4aand4b, respectiely. Their titration behaior may be a key to understand
the differentshape®f the 5aand5b populationcurvesin Fig 3.12. Lys-79is completelyprotonated
for all consideregH-valuesandconformers.Thetitration behaior of His-81is shavn in Fig. 3.14.
Althoughthe titration curvesfor the conformersdaand4b aresimilar, the curvesfor 5aand5b are
muchmoredifferent: The5b curve resemblesnorethe curvesfor 4aand4b, whereaghe5acureis
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Figure 3.14: Protonationprobability of His-81 (left) and His-82 (right) for the different
conformersandall conformergogether(total).

similarto thecurvefor conformer6. Thereareextremedifferencedbetweertheaandb conformations
in both caseq4a/4band5a/5b)for the neighboringresidueHis-82 (Fig. 3.14). Thetitration curve

of 4ais similar to thatof 5b, andthe titration curve of 4b is similar to thatof 5a. Sothe curvesare

swappedbetweerthe morepopulateda conformationsaandthelesspopulated conformations.

3.3.3.3 The strongly coupledpair His-24/His-119

As discussedby Bashfordet al. (1993),the¢ nitrogenatomsof His-24andHis-119arein hydrogen-
bonddistanceandthe two residuesconstitutea strongly coupledpair of titratablegroups. During
titration, they effectively sharetheire-proton. Protonatiorof bothresiduesatthesameime practicallz
doesnotoccur In theunprotonatedtate His-24adoptaearlycompletelythe d tautomeridorm. The
e-tautomerof His-24is nearlyunpopulatedIf andonly if His-24is protonatedHis-119adoptsthe
0 tautomericform. So only three statesare practically occurring: pd, dp, o€ (Fig. 3.15). A “p”
meangprotonated; d” representshe d-tautomerand“e” the e-tautomer Thefirst letterdenoteghe
protonationstateof His-24, the secondthat of His-119. The statespd and dp are equivalent, if the
g-protonis consideredisshared.This behaior is illustratedin Fig. 3.16.

3.3.3.4 Comparison of calculated pK; valueswith experimental valuesand other theoretical
studies

Thereare experimentallydeterminedoK ; valuesfor mostof the histidinesandtyrosinesin MbCO.
Thevaluesfor Tyr-103andTyr-151weredeterminedy Wilbur andAllerhand(1976)to be 10.3and
10.5,respectiely. Thesevaluesareout of the pH rangewe consideredhere(pH 3-7). Accordingto
our calculations poth tyrosineresiduesare protonatecdbver the whole consideredH range. This is
in agreementvith the experimentalfindings.

More interestingis the comparisorof the histidine values. They arelisted in Table 3.13. Our
calculatedvaluesarecomparedo experimentalvaluesandcalculatedvaluesfrom othermodels. In
the null model,the pK 5 valuesaresimply setto the pK, valuesof the modelcompoundsn aqueous
solution. Here,the d odere tautomeris chosemaccordingto experimentakresults.In the uniform-80
model (Sandbay & Edholm,1999),an electrostaticcalculationis donewith the dielectricconstant
uniformly setto € = 80 everywhere.SCPBdenotesa single-conformePoisson-Boltzmannalcula-
tion (Bashfordet al., 1993). DaPDS(DistanceandPositionDependenScreening)s a nev method
to calculateprotonationsstatesin proteins(Sandbay & Edholm, 1999). It is basedon empirical
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Figure 3.15: Structuralrepresentatiomnf the of the strongly coupledpair His-24/His-119
with thethreeoccurringprotonationstategd, op, andde explainedin text.

His-24 / His-119

population

Figure3.16: Populatiorprobabilitiesof thethreepossiblestatesof thestronglycoupledpair
His-24/His-119seetext). Sincepd anddp areconsideredo be equivalent,alsotheir sumis
shown.
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Table3.13: ExperimentabndcalculatedoK 5 valuesof histidinesin MbCO.

residue  experimental calculated

null  uniform8® SCPB  DaPD$ this work
His-12 6.3 6.6 5.78 5.57 6.54 >7 (~7.2)
His-24 — 6.6 6.05 — 7.46 —
His-36 8.0° 7.0 6.89 6.24 7.27 >7
His-48 53 6.6 6.16 4.79 6.74 5.09
His-64 <53/4.6 6.6 5.63 -2.90 6.30 3.43
His-81 6.6° 7.0 6.81 6.87 7.21 >7 (~7.79)
His-82 <5° 6.6 5.82 -2.29 6.60 4.04
His-97 5.6 6.6 6.18 6.73 7.05 6.32
His-113 5.4 6.6 4.96 4.26 6.08 4.36
His-116 6.5 6.6 6.36 6.22 6.89 6.28
His-11F 6.13 6.6 5.39 3.34 5.74 4.35
rmscP 0.0 1.09 0.62 2.92 1.08 0.77

1 unmodifiedpK 5 valuesof modelcompoundp or € accordingto experimentaresults

2 His-24andHis-119arestronglycoupled seetext

3 Bashfordet al. (1993)

4 FuchsmarandAppleby (1979)

5 comparedo experimentaialuesandincludingonly residuesprintedin italics

6 continuumelectrostaticsvith € = 80 everywhere(Sandbeg & Edholm,1999)

7 Poisson-Boltzmannalculationsimilar to this work but with a singleconformer(Bashfordet al., 1993)
8 Distanceand Position DependenSceeening asimpleelectrostatienodel(Sandbey & Edholm,1999)
9 extrapolated
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screenindgunctions(Warshelet al., 1984)andis muchsimplerandthusfasterthanmethodsvhere
the Poisson-Boltzmanequationmustbe solved. For eachmodel,we calculatedhe rmsdcompared
to the experimentalvalues. In the calculationof the rmsd, we includedonly histidine residuesor
which anexperimentabpK 5 valuein therangefrom 3 to 7 couldbe determinedin addition,we omit-
tedthe stronglycoupledpair His-24 andHis-119dueto their specialtitration behaior (s.a.), which
doesnotallow to assigna well-definedpK 5 valuefor eachof theseresidues.Thatis alsoreflectedn
experimentafindings(Bashfordet al., 1993).Accordingto our results His-12andHis-81have pK 4
valuesgreaterthan7, whichis out of therangeof our study However, the point of half protonations
nearlyreachedat pH 7, sothatwe could extrapolatea pK ; valuefor theseresiduesandincludethem
in thermsdcalculation.Thelowestrmsdvaluefor the non-trivial modelsis reachedvith our method
(Table3.13). The low rmsdvalue of the uniform-80modelis not surprisingsincethe experimental
pK 4 valuesareall not far from the modelcompoundpK ; valuesandthe uniform-80modeltrivially
providespK, valuescloseto the modelcompoundvalues. Especiallyinterestingarethe pK; 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 situatednsidethe CO binding poclet, shavs avery low pK, valueasthisis alsoim-
plied by our calculationif only the conformerss, 5aor 5b areconsideredFig. 3.13). If we consider
the ensembleof all five conformersthe calculatedpK 5 value of His-64 is in reasonablegreement
with the experimentalkresult. The DaPDScalculation(Sandbeg & Edholm,1999)yieldsa high pK4
value for His-64 of 6.30 althoughit usesthe samex-ray structureasthe SCPBcalculation,where
His-64is situatedinsidethe CO binding pocket andshouldbe mostly unprotonatedThis constitutes
anexamplewheresimplemethoddik e the uniform-80modelor empiricalmodelslike DaPDSyield
ontheaverageresultsin reasonablegreementvith experimentafindings,but do not provide anun-
derstandingf the underlyingmolecularmechanism.The calculationof pKj; valuesby solving the
PBE may sometimesun into difficulties andyield deviating results,but is capableto unveil whatis
goingonin the morespecialsituationswhich maybe crucialto understangbroteinfunction.

Bashfordet al. (1993)reportedastrongdependengcof the Poisson-Boltzmanresultsontheused
parameteset,i. e. atomicpartialchagesandatomicradii. They shavedthatchoosinganappropriate
parameteiset canimprove the reliability of the resultssignificantly The CHARMM22 parameter
set,which wasappliedhere,was not specificallydesignedor continuumelectrostaticEalculation,
but ratherfor moleculardynamicsat € = 1 andwith an explicit solvent (if ary). So possiblyour
resultscould beimproved even further, if the parametesetweretunedfor continuumelectrostatics
calculations.However, our resultspresentechereandalsoin anotherwork (Vagedeset al., 2000)
suggestshatthe CHARMM22 parametesetis alreadyquite well suitedfor continuumelectrostatics
calculations.

3.3.3.5 Implications for the assignmentof taxonomic substates

Threetaxonomicsubstatesf MbCO canbe distinguishedy infraredspectroscop Ag, A1, andAs.

Ay is morepopulatedat low pH, whereasd; andAgz arepresentat higherpH (Johnsoret al., 1996).
The Ag substatds usually assignedo the protonatedHis-64 rotatedout of the CO binding poclket
(for further discussiorseeJohnsoret al. (1996) andreferencegited therein). This assignmentis

alsoin agreementvith our results. In general,A; is the dominantsubstateat pH 5.7 in solution
(Johnsoret al., 1996). Rayet al. (1994)assigned); to the e-tautomerof His-64, and Az to the
o-tautomer Jenvshury andKitagava (1994)criticized this assignmenbasedon their MD simulations
andsuggestedt the otherway round,i. e. A; is the d-tautomerandA; is the e-tautomer Our results,
however, supportthe model of Ray et al. (1994) sincethe e-tautomeris preferredat higher pH

(Fig. 3.130onpage74).



