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Preface

Foldingandtitration of proteinsarethetwo majortopicsof this work. Seeminglyunconnected,they
await their unificationat thevery endof the lastchapter. Anotherhiddenconnectionis theconcept
of continuumelectrostatics,which is usedfor both. Therefore,I summarizesomeaspectsabout
themethodsof continuumelectrostaticsin the first chapterincluding a brief derivation of themost
importantequations,hopingthat this will give thereadera first aid for understandingtheunderlying
principles.Thefirst chapteris merelyatoolboxusedin laterchapters,wheremy actualresearchwork
is presented.

Thesecondchapterdealswith thelong-termdynamicsof proteins,whichmeansmainly to tackle
the folding problem. This is one of the two greatchallengesof doing computersimulationsof
biomolecules. (The other is to understandthe function of enzymesin detail by combiningquan-
tum mechanicsandmolecularmechanics.)A Monte Carlo methodfor the long-termdynamicsof
proteinshasbeendevelopedby theKnappgroupfor many years.My own contribution reportedin
chapter2 is thefurther improvementof thefolding of peptidesin vacuoandfinally theadditionof a
solventmodel.

Thethird chaptercomprisesthemajorpartof my work. Titratingproteinsin thecomputermeans
to calculatetheprotonationstateof all titratablesiteswithin aproteinfor differentpH values.Redox
active sitescan be treatedby very similar methodsandare thereforeincludedin the calculations.
I appliedthe electrostaticmethodsfor the calculationof titration behavior successfullyto bacterial
photosyntheticreactioncentersandto myoglobin.Theresultsdid notonly show thereliability of the
methodsby reproducingexperimentalmeasurements,but providedalsonew insightsinto thestudied
processesand enablednew interpretationsof experimentalfindings that were previously not well
understood.Theseresultsareanexamplethatnowadaystheoryin biosciencecandomuchmorethan
merelyreproducingresultseverybodyhasknown before.

Sciencewithout collaborationis impossible. And so I am especiallyhappy to presentthe fol-
lowing long list of acknowledgmentsfor all thosehelpful peopleandinstitutionswho supportedme
duringmy work. At first, thereis Ernst-WalterKnapp,whowasanexcellentDoktorvaterfor me,and
hisgroup,whereI foundperfectworkingconditionsandplentyof inspiringdiscussionthroughoutall
fieldsof science,from the foggy swampsof biology to thewindy crestsof mathematics.Specially,
I am grateful to G. MatthiasUllmann (now working at the ScrippsInstitute) for his collaboration
in thecalculationof electron-transferandprotonationreactionsof thebacterialphotosyntheticreac-
tion center(seechapter3) and to Björn Kleier for the collaborationin preparingenergy functions
for CAMLAB++ (seechapter2). The KARLSBERG program(seeappendixE) would not exist, if
BenediktDietrich hadnot introducedme to C++. It wasa pleasureto take part in otherprojectsof
the group,especiallyPeterVagedes’work on the deacylation stepof acetylcholinesterase, Dragan
Popović’s work on thecomputermodelingof artificial cytochromeb, andTimm Essigke’s studyon
usingCAMLAB++ for solvingNMR structures.To take carefor thetechnicalbasisof our scientific
work, a runningnetwork of computers,wasa rewarding, informative, andmostly enjoyable taskI
wasallowedto do togetherwith BerndMelchers,Timm Essigke andDanielWinkelmann.I hadthe
honorto contributesometheoreticalpartsto theexperimentalwork of Jörg WischhusenandIoakim

I



II

Spyridopoulosat theuniversityof Tübingen.I got financialsupportfrom theDeutscheForschungs-
gemeinschaft,Sfb 312 and Sfb 498. I was allowed to usenumerouscomputerprogramsfree of
charge: Specially, I thankDonaldBashfordfor providing MEAD andDanielHoffmannfor providing
CAMLAB. The typesettingof this thesiswasdoneby LATEX. Moleculargraphicsaredrawn with
MOLSCRIPT. PlotsweredoneusingXMGR. Mostof thefigureswerepreparedor postprocessedwith
XFIG.

At last, let me appreciatea changeof paradigmthat has taken placeduring my work in the
Knappgroupandis sometimescalledthe“opensourcerevolution”. Thanksto theGNU projectand
expeciallytheUnix-likeoperatingsystemLinux, wearenow ableto turncheapoff-the-shelfpersonal
computersfreeof charge into all-roundprofessionalworkstations,well equippedandstableenough
to run our programsfor weeksandmonths.We arenow goingto assemblelots of themto a massive
parallel supercomputer, not more expensive than one or two of the workstationswe usedwhen I
joinedtheKnappgroupseveralyearsago.Theopensourceparadigmis deeplyscientificin its desire
to shareinformation,ideasandimprovements.Thesuccessof opensourcesoftwaremadetheworld
a little bit betterby makingit a little bit morescientific.Sciencebenefitsfrom opensourcesoftware,
but by doingsoit shouldalsofeelexhortednot to forgetthevirtue of its own openprinciples.

BJÖRN RABENSTEIN

FreieUniversität Berlin
July 2000
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Appendix A

Abstract

The presentwork is divided into two parts: The first part presentsthe folding of peptidesusinga
Monte Carlo methodfor the long-termdynamicsof proteins. The secondpart containsstudiesof
thetitration andredoxbehavior of thebacterialphotosyntheticreactioncenterandof myoglobin.By
combiningbothparts,I suggesta new methodto calculatetitration behavior takinginto accountfull
conformationalflexibility.

The Knappgrouphasbeenworking on a Monte Carlo methodfor the long-termdynamicsof
proteinsfor a long time. I improved this methodfor the first part of this work. After that, it was
possibleto fold not only a modelpeptideto a helix–turn–helixmotif, asalreadydonebefore,but
alsoto simulatethe folding of a β-hairpin. However, so far thesecalculationsall lacked a solvent
model.Therefore,theAnalytical ContinuumSolventmodelof MichaelSchaeferwasintegratedinto
ourmethod.Usingthismodel,theformationandmeltingof apolyalaninehelix couldbesimulatedin
agreementwith resultsfrom a moleculardynamicssimulationwith anexplicit solventmodel. Also,
thefolding of a fragmentof ribonucleaseA wassuccessful,but thefolding of theβ-hairpinforming
peptideBH8 failed. This unveiledsofar unknown problemsof our proteinmodelwith rigid peptide
planesandspecialeffective torsionpotentialsfor thebackbonetorsionangles.The folding of BH8
wassuccessfulusinga fully flexible proteinmodel.However, usingtheflexible modelthefolding is
muchlessefficient asexpectedfor therigid model.

Thecalculationof protonationandredoxstatesof titratableandredox-active groupsof proteins
is doneon the basisof continuumelectrostatics,similar to the solvent model usedin the folding
simulationdescribedabove. In continuumelectrostatics,the solvent is representedby a medium
of a high dielectricconstant.By solvingthePoisson-Boltzmannequationnumericallyon a grid, the
resultingelectrostaticpotentials(andthusalsotheinteractionenergies)canbecalculated.In thisway,
the total electrostaticenergy of a specificprotonationandredoxstateof a molecularsystemcanbe
determined.A proteincontainsusuallyalot of titratableor redox-activegroups.For n of suchgroups,
thetotal numberof possiblestatesis extremelylarge(2n) sothatthecalculationof thermodynamical
averages,whicharenecessaryto determinetitrationcurvesandredoxpotentials,by exactsummation
is computationallyinfeasible.Therefore,I applyin thepresentwork aMonteCarlomethodwherean
importancesamplingof thehugenumberof possiblestatesis performedaccordingto theMetropolis
criterion. Themethodyieldsgoodresultsafter relatively shortsamplingtimes. Thestatisticalerror
of theseresultscanbeprobedby evaluatingacorrelationfunction.

By applyingthesemethods,I couldgaina lot of valuableinsights.For thefirst time,theenergy of
theelectrontransferfrom Q� �A to QB in thebacterialreactioncenterwascalculatedcorrectly. Thecal-
culationsalsoyield importanthintsfor thesofarunsettledsequenceof thefollowing electrontransfer
andprotonationeventsinvolving thequinonesof thereactioncenter. In addition,theconformational
gatinghypothesisof the electrontransferfrom Q� �A to QB could be supportedfrom the viewpoint
of theory, and the insight into the relatedprocesseswasdeepened.I presentin this work several
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approachesto includeconformationalensemblesandconformationalflexibility in thecalculationof
titration behavior. By explicit considerationof conformationalrelaxation,thedielectricconstantof
theproteininteriorcouldbedecreasedremarkablyin accordancewith fundamentalprinciples.By in-
cludinganensembleof x-raystructures,thepH inducedconformationalchangesof myoglobincould
be reproduced.The pKa valuescalculatedin this studyare in betteragreementwith experimental
valuesthanany otherresultobtainedby non-trivial methodsbefore.

In the concludingoutlook, I discussthe future improvementsof the Monte Carlo methodfor
the long-termdynamicsof proteins,andthe assetsanddrawbacksof existing methodsto calculate
titration behavior consideringconformationalflexibility. I show how to avoid mostof thedrawbacks
by a new methodon the basisof a combinationof the Monte Carlo dynamicswith the titration
calculation.Thismethodrealizestheunrestrictedandunbiasedsamplingof theconformationalspace
andthespaceof titration statesat thesametime.



Appendix B

Zusammenfassung(German abstract)

Die vorliegendeArbeit gliedertsich in zwei Teile. Der ersteTeil behandeltdie Faltungvon Pepti-
denmit einerMonte-Carlo-Methodezur Langzeitdynamikvon Proteinen. Der zweiteTeil entḧalt
StudienzumTitrations-undRedoxverhaltendesbakteriellenphotosynthetischenReaktionszentrums
und von Myoglobin. Durch die KombinationbeiderTeile skizziereich am Schlußder Arbeit eine
neueMethodezur Titrationsberechnungvon Proteinenmit vollständigerKonformationsflexibilit ät.

Die ArbeitsgruppeKnapparbeitetbereitsseit langerZeit anderEntwicklungeinerMonte-Carlo-
Methodezur Langzeitdynamikvon Proteinen. DieseMethodewurde von mir für den erstenTeil
meinerArbeit weiterentwickelt. Es gelangdaraufhinnicht nur, wie bereitszuvor, ein Modellpeptid
zueinemHelix–Turn–Helix-Motif zufalten,sondernauchdieFaltungeinesβ-Hairpinszusimulieren.
DieseBerechnungenbeinhaltetenjedochnochkein Modell für dasLösungsmittel.In einemweite-
ren Schritt wurdedaherdasAnalytical ContinuumSolvent-Modell von Michael Schaeferin unsere
Methodeintegriert. Mit diesemModell konntederAufbauunddasSchmelzeneinerα-Helix ausPo-
lyalanin in Übereinstimmungmit ErgebnisseneinerMolekulardynamikmit explizitem Lösungsmit-
telmodellsimuliertwerden.Auch die FaltungeinesFragmentesderRibonucleaseA war erfolgreich,
wohingegendie Faltungdesβ-Hairpin-bildendenPeptidsBH8 mißlang. Hier zeigtensich bislang
nicht erkannteSchẅachenunseresProteinmodellsmit starrerGeometrieder Peptidebeneund spe-
ziellen effektiven Potentialenfür die Torsionswinkel. Die Faltungvon BH8 konnteerfolgreichmit
einemvoll flexiblen Proteinmodellsimuliertwerden,allerdingsweitauswenigereffizient alsmanes
beiVerwendungdesstarrenProteinmodellserwartenwürde.

Die BerechnungderProtonierungs-undRedoxzusẗandevontitrierbarenbzw. redoxaktivenGrup-
penin Proteinenerfolgte,wie auchschonbeim für die Simulationder Proteinfaltungverwendeten
Lösungsmittelmodell,auf BasisderKontinuumselektrostatik, bei derdasLösungsmitteldurcheinen
Bereicherḧohter Dielektrizitätskonstante simuliert wird. Durch numerischesLösender Poisson-
Boltzmann-GleichungaufeinemGitter lassensichdieresultierendenelektrostatischenPotentialeund
damit auchdie elektrostatischenInteraktionsenergien berechnen.Damit kannmandie elektrostati-
scheEnergie einesbestimmtenProtonierungs-undRedoxzustandesdesGesamtproteinsbestimmen.
Ein Proteinverfügt in der Regel übereinegroßeZahl n von titrierbarenbzw. redoxaktiven Grup-
pen. Die Gesamtzahlan möglichenZusẗanden(2n) ist extrem groß,so daßsich thermodynamische
Mittelwerte,die zur Bestimmungvon Titrationskurven und Redoxpotentialennötig sind, praktisch
nicht exakt berechnenlassen. Daherverwendeich in der vorliegendenArbeit eine Monte-Carlo-
Methode,mit dereineTeilmengederVielzahlmöglicherZusẗandegem̈aßdesMetropoliskriteriums
durchmustertwird. DurchdieseMethodeerlangtmannachkurzerZeit Ergebnissehoherstatistischer
Genauigkeit, wasdurchAuswerteneinerKorrelationsfunktiongezeigtwerdenkann.

Mit dergenantenVorgehensweisewar esmir möglich, eineVielzahlwertvoller Erkenntnissezu
sammeln.So konnteerstmaligdie Energie desElektronentransfersvon Q� �A zu QB im bakteriellen
Reaktionszentrumkorrekt berechnetwerden. Die Berechnungenergabenauchwichtige Hinweise
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für die zuvor ungekl̈arteweitereReihenfolgeder Elektronentransfer- und Protonierungsschritteder
Chinoneim Reaktionszentrum.Desweiterenkonnteauchvon theoretischerSeitedie conformational
gating-HypothesebetreffenddenElektronentransfersvonQ� �A zuQB untermauertunddasVersẗandnis
derzugeḧorigenVorgängeim Reaktionszentrumvertieft werden.Ich entwickele in dervorliegenden
Arbeit mehrereAnsätzezurEinführungmultiplerKonformationenundvonKonformationsflexibilit ät
in die Titrationsberechnungen. In einemFall konntedurchdie explizit ber̈ucksichtigtestrukturelle
Relaxiationdie Dielektrizitätskonstante für dasInneredesProteinsentsprechendallgemeinerPrinzi-
pienstarkverringertwerden.In einemanderenFall wurdedie Energetik pH-induzierterstruktureller
Änderungenvon Myoglobin durchEinbezieheneinesEnsemblesvon Kristallstrukturenverstanden.
Die dabeiberechnetenpKa-Werte zeigeneine Übereinstimmungmit dem Experiment,die in die-
serGenauigkeit niemalszuvor mit nicht-trivialenMethodenzur pKa-Wertberechnungerzieltworden
sind.

In einemAusblick erörtereich die in Zukunft möglichenVerbesserungenderMonte-Carlo-Me-
thodezur Langzeitdynamikvon Proteinenund die Vor- und Nachteileder existierendenMethoden
zurTitrationsberechnungmit Konformationsflexibilit ät. Ich zeigeauf,wie sichdurcheinezukünftige
KombinationderMonte-Carlo-Dynamikmit derTitrationsberechnungdiemeistenNachteilederexi-
stierendenMethodenumgehenlassen.DieseMethodeverwirklicht dasuneingeschr̈ankteundverzer-
rungsfreiegleichzeitigeDurchmusterndesKonformationsraumesunddesRaumesderTitrationszu-
sẗande.



Appendix C

Glossary

Thefollowing abbreviationsandsymbolsareusedin thiswork:

∇ Nablaoperator, gradient�
A surfaceintegral�
V volumeintegral

α occupationprobability
β

�
kBT � � 1

∆ Laplaceoperator
ε dielectricconstant
εp dielectricconstantof theproteininterior
εs dielectricconstantof thesolvent
ρ density(usuallychargedensity)
φ electrostaticpotential
A area,surface
ACS analyticalcontinuumsolvent
bRC bacterial(photosynthetic)reactioncenter
c concentration
CM Cartesianmove
CPU centralprocessingunit�
D electrostaticdisplacement
DSSP dictionaryof secondarystructuresof proteins

(methodfor secondarystructureassignment)�
E electrostaticfield
FTIR Fouriertransforminfrared(spectroscopy)
G freeenergy, Gibb’s energy
I ionic strength
kB Boltzmannconstant
MbCO carbonmonoxymyoglobin
MD moleculardynamics
MQ menaquinone
P specialpair (of thebRC)
PBE Poisson-Boltzmannequation
PDB BrookhavenProteinDataBank
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q charge
QB primaryquinoneacceptorin thebRC
QB secondaryquinoneacceptorin thebRC
R molargasconstant�
r coordinatesof apoint in three-dimensionalspace
Rb. sphaeroides Rhodobactersphaeroides
RP Ramachandranplot basedmethodof secondarystructureassignment
Rps.viridis Rhodopseudomonasviridis
SM simplemove
T absolutetemperature
u (electrostatic)energy density
UQ ubiquinone
V volume
WM window move



Appendix D

CAM L AB++ Manual

This is a manualof theadditionalcommandsandutilities of CAMLAB++ comparedto thenormal
CAMLAB program.To useCAMLAB++ , youwill alsoneedthestandardCAMLAB manual,which
canbefoundin theWWW:
http://cartan. gmd. de/ co mpch em/ho ff mann/C AMLab/manual/m anual. ht ml
The documentationof the ACS partsof CAMLAB++, which weremainly implementedby Björn
Kleier, arestill in apreliminarystateandnot includedhere.

D.1 Commands

D.1.1 Subcommandsof read energy terms

Thesecommandscanbeusedastype-specifierin theread energy terms -command.

D.1.1.1 lj pair

Format of additional data:
n pairs numberOfLJPairs
molname1 atomnum1 molname2 atomnum2 LJeLJr
. . .

Description:
lj pair is usedto introducespecialLennard-Jonesinteractionsbetweentwo individual atoms.In
eachline two atomsarespecifiedby moleculename(molname) andatomnumber(atomnum). The
Lennard-Jonesinteractionis givenby thetwousualLennard-Jonesparametersenergy (LJe) andradius
(LJr).

D.1.1.2 noe

Format of additional data:
temperature tempParam
scaling scaleFactor
n distances numberOfNOEConstraints
a numberOfAtomsInGroupAOfConstraint1
m1aa1a
m2aa2a
. . .
b numberOfAtomsInGroupBOfConstraint1
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m1ba1b
m2ba2b
. . .
para kminrmin kmaxrmaxfmax
a numberOfAtomsInGroupAOfConstraint2
. . .
. . .

Description:
noe is an energy function to useNOE constraintswithin CAMLab. It is very similar to dis-
tance 1, but all energy termsaremultiplied by tempParam andscaleFactor. If you usethesame
parameterfor tempParamandfor thetemperatureparameterin themetropoliscriterion,temperature
will have no effecton theNOE energy termsin MC sampling.
In addition to distance 1, noe allows to give more than one atom on both side of the NOE
constraint.All possibledistancesarethenaveragedby thefollowing equation:

r̄ � 1

6

�
∑
i 	 j 1

r6
i j

D.1.1.3 quadratic repulsion

Format of additional data:
scaling scaleFactor
n atoms numberOfAtoms
moleculeNamenumberOfAtom1radiusOfAtom1forceConstant1
moleculeNamenumberOfAtom2radiusOfAtom2forceConstant2
. . .

quadratic repulsion is anenergy functionwhichcalculatesthequadraticrepulsionof atom i
with eachotheratom j basedon its radii r i andr j andtheir distancer i j . Theatomicforceconstants
ki andk j arescaledby thescalingfactors.

E � s∑
i 
 j � kik j

�
r i j � 1

2

�
r i  r j ��� 2

D.1.1.4 sartori

Format of additional data:
epsilonfactor number
epsilonfunctio n funtionString
epsilon14facto r number
number of torsion potentials numberOfTorsionPotentials
torsion potential nameOfPotential 1
dimension n ! numberof valuesin onedimension
energyValue phi 1 psi 1
energyValue phi 1 psi 2
. . .
energyValue phi 1 psi n
energyValue phi 2 psi 1
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energyValue phi 2 psi 2
. . .
energyValue phi n psi n
torsion potential nameOfPotantial 2
dimension numberOfValuesInOneDimension
. . .
number of molecules number
molecule nameOfMolecule1
bonds numberOfBondTermsInMolec1
atomnumber1 atomnumber2 forceConstantequilibriumDistance
. . .
bondangles numberOfBondangleTermsInMolec1
atomnum1 atomnum2 atomnum3 forceConstantequilAngle
. . .
torsions numberOfTorsionTermsInMolec1
atomnum1 atomnum2 atomnum3 atomnum4 forceConstmultiplicity equilTorsion
. . .
impropers numberOfImproperTermsInMolec1
atomnum1 atomnum2 atomnum3 atomnum4 forceConstequilImproper
. . .
nonbondeds numberOfNonbondedsInMolec 1
atomNummasscharge LJeLJr LJ14eLJ14rdeltaR
. . .
excluded nonbonded pairs numberOfExcludedNBPairs
atomnum1 atomnum2
. . .
torsions with potential numberOfTorsionsWithPotentialInMolec 1
nameOfPotentialphi 1 phi 2 phi 3 phi 4 psi 1 psi 2 psi 3 psi 4
. . .
fixed bonds numberOfFixedBondsInMolec1
atomnum1 atomnum2 bondLength
. . .
fixed angles numberOfFixedAnglesInMolec1
atomnum1 atomnum2 atomnum3 angle
. . .
fixed torsions numberOfFixedTorsionsInMolec1
atomnum1 atomnum2 atomnum3 atomnum4 torsionAngle
. . .
fixed impropers numberOfFixedImpropersInMolec 1
atomnum1 atomnum2 atomnum3 atomnum4 improperTorsionAngle
. . .
molecule nameOfMolecule1
bonds numberOfBondTermsInMolec2
. . .
. . .

Description:

sartori is very similar to md force field . It doeseverythingwhatmd force field does.
In addition, it is possibleto readin twodimensionaltorsionpotentialsfor pairsof dihedralangles.
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Also parametersfor fixedbondlengthsandbondanglescanbegiven.
Hereonly thedifferencesto themd force file subcommandaredescribed.
To switchoff thecalculationof Coulombinteraction,setepsilonfactor to zero.(Thatis neces-
saryif youwantto substitutetheCoulombpartby anotherforcefield,e.g.acs .)
The epsilon14factor is applied to Coulomb interactionof 1-4-linked atoms. It is 0.5 for
the Charmmparameter-set of MSI, 0.4 for the CharmmPARAM19 set, and 1.0 for the Charmm
PARAM22 set.
Torsionpotentialsaregiven asenergy valueson a twodimensionalgrid with n grid points in each
dimension.The grid is torus-like. The first grid point in a grid row is identicalto the last. Hence,
with a 10� grid n is 37. energyValue phi 1 psi 1 is theenergy valueat φ � � 180� andψ � � 180� .
energyValue phi n psi n is theenergy valueatφ �  180� andψ �  180� . Bothgridpointsandvalues
areidentical. CAMLAB++ usesthe torus-like form of thepotentialto checkfor consistency of the
givendata.Theinput datafor thetorsionpotentialscanbegeneratedusingthestand-aloneprogram� MakeSartoriPot enti al s .
In theenergy functionof FredoSartori,thereis acorrectionparameterfor theCoulombenergy:

ECoulomb � 1
4πεε0

q1q2

r  ∆R

Theparameter∆R (in Å) canbegivenfor eachindividualatomin thenonbondeds section(deltaR).
Usually, it is only appliedto H atoms.
Thetwodimensionaltorsionpotentialsusuallyincludesomenon-bondedtermsimplicitly. Thesenon-
bondedinteractionsmustbe switchedoff individually usingthe excluded nonbonded pairs
subcommand.Theorderof thepairsis critical. Thefirst atomnumbermustalwaysbegreaterthan
thesecond.Thefirst atomnumberin row n  1 mustbe lessor equalthanthefirst atomnumberin
row n. If thefirst atomnumbersin row n  1 andn areequal,thesecondatomnumberin row n  1
mustbelessthanthesecondatomnumberin row n.
With the torsions with potential subcommandpairsof dihedralanglescanbeassignedto
thetwodimensionaltorsionpotentialsdefinedby thetorsion potential subcommand.
The remainingsubcommandsareusedto definevaluesfor fixed degreesof freedom. Thesevalues
areonly usedfor thingslike chainrebuilding. They don’t make surethat thesedegreesof freedom
are really fixed. If you apply for examplea cartesianmove, the “fix ed” degreesof freedomwill
probablychange.Thus,you have to take careto keepthe“fix ed” degreesof freedomreally fixedby
anappropriateselectionof moves.
Sincethechainrebuilding procedureis not yet implementedin CAMLAB++, thesecommandsare
actuallyuselesswith theimportantexceptionof fixed bonds . Theparametersof thissubcommand
in connectionwith thoseof thebonds subcommandareusedto createthebondedlist. Eachbondin
themoleculemustberepresentatedeitherin thebonds sectionor in the fixed bonds section.
The parameters for a molecule can be generated using the stand-alone program� MakeSartoriEte rms .

D.1.2 Subcommandsof read move

D.1.2.1 dihedral window

Format of additional data:
old energy EoldParaName
new energy EnewParaName
selection energy Eselection
number of tries NumberOfTries ! (optional)
conformational change ConfParaName! (optional)
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acceptance AcceptParaName
backbone dihedral scaling BBDihedralScaleFact
sidechain dihedral scaling SCDihedralScaleFact
prerotation dihedral scaling PRDihedralScaleFact ! (optional)
cartesian displacement Displacement! (optional)
int list WList
energy subset index EnergySubsetParaName
atom subset index Asubset
criterion CritType
. . . (criteriondata)
end criterion
number of molecules n molecs
molecule molecName
number of chains ncs
start chain chaintypeaStart! (chaintypeis fixed or free or cyclic )
sc s1s2s3s4DeltaPhiS
l nls
a first 1 a last 1
. . .
a first nl a last nl
r nrs
. . .
a first nr a last nr
. . .
cartesian nCart ! (optional)
a first 1 a last 1
. . .
a first nCart a last nCart
bb pivot apivot
bb b1 b2 b3b4 DeltaPhiB
l nlb
. . .
r nrb
. . .
sc s1s2s3s4DeltaPhiS
. . .
cartesian nCart ! (optional)
. . .
bb pivot apivot
. . .
end chain chaintypeaEnd
start chain chaintypeaStart
. . .

Description:

Thedihedral window commandof standardCAMLab hasbeenreplacedin CAMLAB++. The
new dihedral window commandhassomeadditional featuresbut is neverthelesscompletely
compatibleto the old version. All new keywordsareoptionalandcanbe omittedin the input file.
However, if you want to useoneof thenew features,you have to insertthenew keyword exactly at
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theplacegivenin thesyntaxdescriptionabove.
All keywordsnotmentionedbelow havethesamemeaningasin theold versionof dihedral window .
number of tries : If afterapplicationof theprerotationsno geometricalsolutionis possible,the
programwill try it againwith new prerotations,until the numberof tries reachesthe valueof this
parameter.
conformational change : If anew conformation(i. e. differentfrom theoriginalconformation)
is selected,thevalueof thisparameteris setto 1 (if not, it is setto 0). Thevalueof thisparameterwill
be1 even if thenew conformationis rejectedby the respective criterion . With this parameter,
you candistinguishbetween“acceptancedueto unchangedconformation”(i. e. unchangedenergy)
and“real acceptance”(of a new conformation).
prerotation dihedral scaling : This parameterscalesonly theprerotations.If it is given,
dihedral scaling scalesonly unconstrainedmovesata freeendor startof achainanddihedral
changesthatarenotprerotations.If yousetprerotation dihedral scaling to asmallvalue
anddihedral scaling to alargevalue,youwill geteasilyalot of geometricalpossiblesolutions
of thewindow move. It is, however, questionablewetherdetailedbalanceis maintainedor not.
cartesian displacement : This parametergives the maximal possibledisplacementfor the
cartesianmove.
cartesian : In this section,atomsfor thecartesiandisplacement,which is appliedif a new con-
formationhasbeenselescted,areselected.To selectatomsin thesidechain,this block mustappear
betweenthetwo dihedralanglesat thepivot atom.

D.2 Utilities

Theitemsdescribedherearenot CAMLAB++ commandsbut stand-aloneprograms.

D.2.1 Generationof Input Data

D.2.1.1 MakeSartoriPotentials

Syntax:

MakeSartoriPot enti al s inputfilepotential-name[ factor ]

This tool convertsa two dimensionalpotentialfrom a raw-ASCII format to the CAMLAB++ input
format.All valuesaremultiplied by factor.

D.2.1.2 MakeSartoriEterms

Syntax:

MakeSartoriEte rms masses.rtfparm.prmpsf-filedelta-Rmolecule-nameoutput-file

A CHARMM psf -file is convertedto thegeneralizedinput formatof CAMLAB++. For thisprocess,
alsothe CHARMM parameterfile andrtf -file is needed.delta-Ris thehydrogen-bondcorrection-
value.

D.2.1.3 MakePivot

Syntax:

MakePivot dihedral-intervall offsetaa1[ aa2. . . ]
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This is a perl script that writes a CAMLab pivot file to stdout . The script is very specialized
andwill work only underspecialconditions.Thepeptidefor which thepivot file is createdmustbe
built with CHARMM19usingtheNACTandCMAMpatch.Somecustomizationcanbedoneby setting
a suitableoffset for the atomnumbers.However, you will have to edit the first residue. dihedral-
intervall is themaximalchangeof adihedralangleduringawindow move. aan denotestherespective
residue.CurrentlysupportedareALA, ARG, ASN, GLU, GLY, HSC(protonatedHis), ILE , LEU, LYS,
PHE, THR, TYR, VAL. Timm Essigke haswritten thecorrespondingprogramfor CHARMM22.

D.2.1.4 MakeDihedrals

Syntax:

MakeDihedrals dihedral-intervall offsetaa1[ aa2. . . ]

ThisisanalogoustoMakePivot , but doesnotcreateapivot file, but adihedralfile for theapplication
of simpledihedralmoves.

D.2.2 Processingof Output Data

D.2.2.1 clt2dcd

Syntax:

clt2dcd [-h ] [-f steps-per-record] [-n stepoffset] [-o dcd-out-file] [-s frame-skip] [-swap ]
clt-in-file(s). . .

This programconvertsCAMLab trajectoryfiles into CHARMM dcd trajectoryfiles. All input files
aremergedto oneoutputfile in theordergivenat thecommandline. They mustbeall for thesame
molecule. The stepoffset is only appliedonceat the beginning, but steps-per-record mustbe valid
for all input files. If no namefor the dcd-out-fileis given, a nameis generatedfrom the first input
file name.With the-swap optiongiven,thebyteorderis swappedsothat thedcd file is usableon
machineswith differentendian(only).
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Appendix E

K ARL SBERG Manual

This is theorginal versionof themanualfor KARLSBERG 0.4. I did notapplyany changesto prevent
confusion.Soyou will find a kind of self-referenceto my PhDthesiswithin themanual.I hopethis
will notbethesourceof anotherkind of confusion.I assureyou thatthereferredPhDthesisis really
just thebookyou arereadingnow. Themanual(perhapsevena newer version)canalsobefoundat
theKARLSBERG homepage:
http://lie.che mi e. fu- berl in .d e/k ar ls berg /

E.1 What is K ARL SBERG?

KARLSBERG is aprogramfor Monte-Carlo(MC) calculationof titrationpatternsof proteins.It needs
intrinsicpKa valuesof thetitratableresiduesandaninteractionmatrixbetweenthemasinput. It will
calculatetheprotonationprobabilitiesfor thesetitratablesitesat givenpH values.This input usually
comesfrom electrostaticprograms,e. g. MEAD by DonaldBashford(Bashford& Karplus,1990).
So far, KARLSBERG is very similar to the MCTI programof Paul Beroza(Berozaet al., 1991).
All featuresof MCTI arealsopresentin KARLSBERG: doublemoves, reducedsite titration, error
estimationby correlationfunctions. However, therearesomeadditions:KARLSBERG is ableto do
parallel tempering(Hansmann,1997), triple moves(Rabensteinet al., 1998a),energy-biasedMC
(Berozaet al., 1995)and,mostimportant,samplingof multiple conformationsusinganMC version
of themethoddescribedby Rabensteinet al. (1998a).
PaperswhereKARLSBERG wasapplied,areRabensteinet al. (2000),RabensteinandKnapp(2000a),
Vagedeset al. (2000).Especiallyin RabensteinandKnapp(2000a)youwill findmostof thescientific
backgrounddescribedat oneplace.An evenmorecompletesourceis my PhDthesis,which will be
availableassoonasit is publishedvia my WWW publicationlist:
http://lie.che mi e. fu- berl in .d e/˜ ra be/s ci enc e/ publ ic ati ons. ht ml

KARLSBERG itself is alsoavailablein theWWW:
http://lie.che mi e. fu- berl in .d e/k ar ls berg /

E.2 Installation

Untarthetarball.
Binaries for Linux and IRIX are part of the distribution (karlsberg.Linux and
karlsberg.IRIX ). Move the correctbinary to your favored binary directory and renameit to
karlsberg . Theutilities (make curves andmake protonation table ) arePerlprograms,
soyouneedPerlto run them.
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KARLSBERG is written in C++, so you needan appropriatecompiler, if you want to compile it
yourself.
Go to the src subdirectoryandtype make (you mustuseGNU-make!). This will work on Linux
andIRIX. Theresultingbinaryis calledkarlsberg.Linu x or karlsberg.IRIX , respectively.
(They arecreatedin the samedirectoryasthe sourcefiles.)For otherplatforms,you mustunfortu-
natelyhelpyourselfandmodify theMakefile.

E.3 Running K ARL SBERG

Therearenocommandline parameters.All programparametersandspecialcommandsarereadfrom
stdinline by line. Usually, youwill pipeacontrolfile with all theparametersandcommandsinto the
program:

karlsberg < input-file > log-file

KARLSBERG tells you a lot aboutwhat it is doing to stdout. This outputshouldbeself-explaining.
I/O from andto files is controlledby thecommandsgivento stdin. As input you needat leasta file
with intrinsic pKa valuesanda file with the interactionmatrix. The real resultsarewritten to files,
not to stdout.

E.3.1 Samplefiles

In the directorysample of the distribution, you find a setof samplefiles. Run KARLSBERG by
typing
karlsberg < myoglobin.in > myoglobin.out
To understandthecommandsin myoglobin.in , readthefollowing section.

E.3.2 Syntaxof input to stdin

Eachline startseitherwith a keyword or with the commentsign “#”. Lines startingwith “#” are
ignored.You canusethecommentsignalsowithin a line. Thepartof the line after “#” is ignored.
After a keyword,parametersmayfollow. If you give too many parameters,KARLSBERG will ignore
the surplus. If you give too few, KARLSBERG will assigndefault valuesif thereareany. Input is
finishedby a line startingwith thekeywordend . Everythingafterthis line is ignored.If nosuchline
is present,inputwill stopwheneof is detected.Orderof linesmaybearbitrarywith two exceptions:
The oneis the end line (of course),and the otherarerepeatedkeywords. Most keywordsshould
only appearoncein theinput. If sucha keyword is usedmorethanonce,only thefirst appearanceis
recognized,all othersareignored.In thefollowing, all keywordswith their respective parametersare
listed(in alphabeticalorder)andexplained.In thesyntaxdescription,squarebrackets( [. . . ]) mark
optionalparameters.Default valuesfor theseparametersaregivenin thedescription.

bias site nameenergy [unit]
This keyword canbeusedmorethanonce. It definesa biasenergy that is addedto theproto-
nationenergy of thespecifiedsite. (For detailsseeBerozaet al. (1995).) Thedefault unit is
e2/Å. Otherunitsmaybespecifiedasunit: kJ/mol , kcal/mol , meV, eV.

conformation pkint file interaction matrix file [referenceenergy [unit]]
This keyword canbeusedmorethanonce.Eachoccurrencegeneratesa new conformer. Data
for intrinsic pKa valuesandthe interactionmatrix arereadfrom the given files. The default
valuefor thereferenceenergy is 0 (zero),thedefault unit is e2/Å. Otherunitsmaybespecified
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asunit: kJ/mol , kcal/mol , meV, eV.
Formatfor pkint file: Onerow pertitratablesite.Eachrow hasthreeitemsseparatedby spaces.
First item: intrinsic pKa value. Seconditem: oneletter, A (anionic)or C (cationic),anionic
meansuncharged referencestateis protonated,cationic meansuncharged referencestateis
unprotonated.The restof the line is third item: nameof site. It is recommendedto usesite
nameswithout spaces,sinceyou cannot give sitenameswith spacesin thecommandsbias
andpH independent .
Formatof interaction matrix file: Onerow per interaction(total numberof rows is numberof
titratablesitessquared).Eachrow hasthreeitemsseparatedby spaces(itemsafterthethird are
ignored).First item: numberof first site(sitesarenumberedfrom 1 to n in theorderthey occur
in pkint file). Seconditem: numberof secondsite. Third item: interactionenergy in unitsof
e2/Å.

conformation moves per scan [real number]
Numberof conformation-changing movesperMC scan.Thesemovesarerandomlymixedwith
theothermoves. This parameteris a statisticalexpectationvalue. It maybesmallerthanone.
Default valueis 1.

conformation reference state site namestate
Sometimestheconformationalreferenceenergy cannot bedeterminedwith all titratablesites
in their uncharged referencestate. The titration stateof individual titratablesitesduring the
calculationof the conformationalreferenceenergy canbe given using this keyword, if it is
differentfrom theunchargedstateusedasreferencestateduringthecalculationof theintrinsic
pKa values.stateis eitherP (protonated)or U (unprotonated).Thiskeyword canbeusedmore
thanonce.

correlation limit [factor]
Thisis thefractionof thevariancethathastobereachedby thecorrelationfunctionto determine
correlationtime. Must be greaterthanzeroandsmallerthanone. Default valueis 0.1. (For
detailsseeBerozaet al. (1991).)

end (noparameters)
Thiskeyword tells KARLSBERG to stopreadingfrom stdinandto startthecalculation.

full scans [numberof scans]
Numberof MC scanswith all titratablesites.Default valueis 10,000.Onescancomprisesas
many randomattemptsto changethetitrationstatesasdifferenttitrationmovesareeligible(sin-
gle,double,andtriple movestogether)plusthegivennumberof conformationalandtempering
moves(seeconformation moves per scan andtempering moves per scan ). In
additionto thenumberof full scansgivenhere,KARLSBERG will apply10 equilibrationscans
beforetheproductionrun is started.

min int pairs [interaction-energy]
Minimal interactionenergy in pKa unitsto considera pair of titratablegroupsasstronglycou-
pled. For suchpairs,doublemovesareappliedin additionto simplemoves. Default valueis
2.5pKa units. If 0 (zero)is given asparameter, no doublemovesaredoneat all. If you are
usingmultiple conformations,for eachconformationtheinteractionenergiesmaybedifferent.
KARLSBERG will alwayslook for the strongestavailableinteractionenergy of a specificsite
pair.

min int triples [interaction-energy]
Minimal interactionenergy in pKa units to considera triple of titratablegroupsas strongly
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coupled.For suchpairs,triple movesareappliedin additionto simplemoves. Default value
is 5pKa units. If 0 (zero)is given asparameter, no triple movesaredoneat all. Pleasenote,
thatfor threegroupsA, B, andC thetriple criterionis fulfilled if A andB arecoupledstrongly
enoughandB andC, too. A andC donotneedto bestronglycoupled.If youareusingmultiple
conformations,for eachconformationtheinteractionenergiesmaybedifferent. KARLSBERG

will alwayslook for thestrongestavailableinteractionenergy of aspecificsitepair.

output [output file prefix]
All outputfilesaregeneratedusingthisprefix. Default valueis karlsberg-outpu t .

pH end [pH value]
At thispH,titrationstops.MustbegreaterthanorequalpH end . DefaultisequaltopH start .

pH incr [incrementvalue]
Incrementfor pH value.Must bepositive. Default is 0.1.

pH independent site name
Not only titratablegroups,but alsoredoxgroupscanbetreatedby KARLSBERG. Theredoxpo-
tentialof thesegroupsis independentonpH.Thiskeyword,whichcanbeusedmorethanonce,
marksa siteasa pH-independentredoxgroup. Which redoxstateis thepseudo-“protonated”
andpseudo-“unprotonated” andwhichof themis thereferencestate,dependson your input.

pH start [pH value]
At this pH, titration begins.Mustbesmallerthanor equalpH end . Default is 7.0

reduced scans [numberof scans]
Number of MC scans with the reduced set of titratable sites (see also
reduced set tolerance ). Defaultvalueis 100,000.Onescancomprisesasmany random
attemptsto changethe titration statesasdifferenttitration movesareeligible (single,double,
andtriple movestogether).

reduced set tolerance [tolerancevalue]
After thefull MC calculationhasfinished,all titratablesiteswhoseprotonationprobabilityhas
a differenceto zeroor unity smallerthan this value arefixed in their respective state(fully
protonatedor unprotonated).Thedifferencemustbesmallenoughin all conformations(that
weresampledat leastonce)andatall temperatures(of paralleltempering).After that,reduced
MC calculationis done,wherethe fixed titratablesitesarenot involved any longer. Default
valueis 0.000001.

seed [positiveinteger]
Seednumberfor the randomgenerator. Must be a positive integer. If 0 (zero)or nothingis
given,theseedis takenfrom thepresentsystemtime.

temperature [temperature]
Temperaturefor MC simulationin K. Default valueis 300K. This keyword canbegivenmore
thanonce.If this is thecase,paralleltemperingis donewith onecopy pergiventemperature.
The lowest temperaturegiven in this way is assumedto be the temperature,whereyou have
calculatedtheintrinsicpKa values(KARLSBERG usesthistemperaturefor convertingpKa units
to kJ/mol).

tempering moves per scan [real number]
Numberof temperingmovesperMC scan.Thetemperingmovesarerandomlymixedwith the
othermoves.This parameteris a statisticalexpectationvalue.It maybesmallerthanone.The
default valueis 1.
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E.3.3 Output

KARLSBERG generatesoneoutputfile for eachcombinationof pH, temperature,conformationand
full / reducedsampling.File nameslook like

prefix [full � red ] pHpH tempK conf conf-nr

Conformationnumber0 (zero)meansthat all conformationsareconsideredtogether. If only one
conformationis considered,the last part of the filenameis omitted. In eachfile, thereis a single
numberin thefirst line. This numberis therelative occupancy of therespective conformationduring
theMC simulation.After that,a tablewith fivecolumnsfollows. Thefirst columnis thesitenumber,
thesecondthesitename,the third thebiasedprotonationprobability, the fourth thestatisticalerror
(standarddeviation),andthefifth therebiasedprotonationprobability. If youhavenotappliedbiased
MC, thethird andfifth columnareequal.Statisticalerror for therebiasedprotonationprobability is
not calculated.In thefirst row of thetable(sitenumber0 (zero)),thesumof all sitesis given.

E.4 Postprocessingof output

E.4.1 make curves

Syntax:

make curves prefix� prefix� must includethe full or red part of the filenames.The programwill try to find all
usableoutputfilesof KARLSBERG by itself.
This postprocessingprogramwrites onefile for eachsite, onefor the sumof all sites,andonefor
theoccupancy of thedifferentconformations.It takesdatafrom thelastcolumnof theKARLSBERG

outputfiles (rebiasedprotonation)andputsthemfor all pH valuestogether. It will try to calculatethe
pKa valueandtheslopeof theHill plot. The resultis written to thecommentsectionof theoutput
files. After thiscommentsectiona tablefollows. In thefirst columnof this tableyouwill find thepH
valueandin thefollowing columnstheprotonationprobability for thedifferentconformations.The
file with theoccupanciesof thedifferentconformationshasaformatsimilar to thatof theprotonation
probabilityfiles. In thefirst column,you will find againthepH. In the following columnsyou will
find theoccupanciesof theconformations.Theoutputfiles canbe visualizedusinga programlike
xmgr or gnuplot . Thetreatmentof histidinesis special(Bashfordet al., 1993).

E.4.2 make protonation table

Syntax:

make protonation table file1 [file2 [. . . ] ] [ start-confend-conf]

This postprocessingprogramwritesa LATEX file of a protonationtablefor thegivenfiles. It is a Perl
script. Seethe script file itself for details. The treatmentof histidinesis special(Bashfordet al.,
1993).
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