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Preface

Folding andtitration of proteinsarethetwo majortopicsof thiswork. Seeminglyunconnectedhey
await their unificationat the very endof the last chapter Anotherhiddenconnectionis the concept
of continuumelectrostaticswhich is usedfor both. Therefore,| summarizesomeaspectsabout
the methodsof continuumelectrostaticsn the first chapterincluding a brief derivation of the most
importantequationshopingthatthis will give thereadera first aid for understandinghe underlying
principles.Thefirst chaptelis merelyatoolboxusedin laterchaptersywheremy actualresearctwork
is presented.

Thesecondchapterdealswith thelong-termdynamicsof proteins which meansmainly to tackle
the folding problem. This is one of the two greatchallengesof doing computersimulationsof
biomolecules. (The otheris to understandhe function of enzymesin detail by combiningquan-
tum mechanicsand molecularmechanics.)A Monte Carlo methodfor the long-termdynamicsof
proteinshasbeendevelopedby the Knappgroupfor mary years. My own contritution reportedin
chapter2 is the furtherimprovementof the folding of peptidesn vacuoandfinally the additionof a
solventmodel.

Thethird chaptercomprisegshe majorpartof my work. Titrating proteinsin thecomputemeans
to calculatethe protonationstateof all titratablesiteswithin a proteinfor differentpH values.Redox
active sitescan be treatedby very similar methodsand are thereforeincludedin the calculations.
| appliedthe electrostatianethodsfor the calculationof titration behaior successfullyto bacterial
photosyntheticeactioncentersandto myoglobin. Theresultsdid not only shav thereliability of the
methodsby reproducingexperimentaimeasurementsut provided alsonew insightsinto the studied
processeand enablednew interpretationsof experimentalfindings that were previously not well
understoodTheseresultsareanexamplethatnovadaysheoryin bioscienceeando muchmorethan
merelyreproducingesultseverybodyhasknown before.

Sciencewithout collaborationis impossible. And so | am especiallyhapyy to presentthe fol-
lowing long list of acknavledgmentdor all thosehelpful peopleandinstitutionswho supportedne
duringmy work. At first, thereis Ernst-WalterKnapp,who wasanexcellentDoktorvaterfor me,and
his group,wherel foundperfectworking conditionsandplenty of inspiringdiscussiorthroughoutall
fields of sciencefrom the foggy swampsof biology to the windy crestsof mathematics Specially
| am gratefulto G. MatthiasUllmann (now working at the Scrippsinstitute) for his collaboration
in the calculationof electron-transfeandprotonationreactionsof the bacterialphotosynthetiadeac-
tion center(seechapter3) andto Bjorn Kleier for the collaborationin preparingenegy functions
for CAMLAB++ (seechapter2). The KARLSBERG program(seeappendixE) would not exist, if
BenediktDietrich hadnot introducedme to C++. It wasa pleasureo take partin otherprojectsof
the group, especiallyPeterVagedeswork on the deaglation stepof acetylcholinesteras®ragan
Popwi€’s work on the computemrmodelingof artificial cytochromeb, and Timm Essigle’s studyon
usingCAMLAB++ for solvingNMR structures.To take carefor thetechnicalbasisof our scientific
work, a running network of computerswas a rewarding, informative, and mostly enjoyable task|
wasallowedto do togethemwith BerndMelchers, Timm Essiglke and Daniel Winkelmann.| hadthe
honorto contritute sometheoreticalpartsto the experimentalwork of Jorg Wischhuserandloakim



Spyridopoulosat the university of Tubingen.| got financialsupportfrom the Deutschd=orschungs-
gemeinschaftSfb 312 and Sfb 498. | was allowed to use numerouscomputerprogramsfree of
chage: Specially | thankDonaldBashfordfor providing MEAD andDanielHoffmannfor providing
CAMLAB. Thetypesettingof this thesiswasdoneby IATEX. Moleculargraphicsare dravn with
MoLscRIPT. PlotsweredoneusingXMGR. Mostof thefigureswerepreparedr postprocessegith
XFIG.

At last, let me appreciatea changeof paradigmthat hastaken place during my work in the
Knappgroupandis sometimesalledthe “open sourcerevolution”. Thanksto the GNU projectand
expeciallytheUnix-like operatingsystenLinux, we arenow ableto turn cheapoff-the-shelfpersonal
computerdree of chage into all-round professionaivorkstationswell equippedandstableenough
to run our programdfor weeksandmonths.We arenow goingto assemblédots of themto a massie
parallel supercomputemot more expensive than one or two of the workstationswe usedwhen |
joinedthe Knappgroupseveralyearsago. The opensourceparadigmis deeplyscientificin its desire
to shareinformation,ideasandimpravements.The succes®f opensourcesoftware madethe world
alittle bit betterby makingit alittle bit morescientific. Sciencebenefitsfrom opensourcesoftware,
but by doingsoit shouldalsofeel exhortednot to forgetthe virtue of its own openprinciples.

BJORN RABENSTEIN

FreieUniversitat Berlin
July 2000
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Appendix A

Abstract

The presentwork is divided into two parts: The first part presentghe folding of peptidesusinga
Monte Carlo methodfor the long-termdynamicsof proteins. The secondpart containsstudiesof
thetitration andredoxbehaior of the bacterialphotosyntheticeactioncenterandof myoglobin. By
combiningboth parts,| suggest nev methodto calculatetitration behaior takinginto accountfull
conformationaflexibility.

The Knapp group hasbeenworking on a Monte Carlo methodfor the long-termdynamicsof
proteinsfor a long time. | improved this methodfor the first part of this work. After that, it was
possibleto fold not only a model peptideto a helix—turn—helixmotif, as alreadydonebefore, but
alsoto simulatethe folding of a 3-hairpin. However, so far thesecalculationsall lacked a solvent
model. Therefore the Analytical ContinuumSolventmodelof Michael Schaefewasintegratedinto
ourmethod.Usingthismodel,theformationandmeltingof a polyalaninehelix couldbesimulatedn
agreementvith resultsfrom a moleculardynamicssimulationwith anexplicit solventmodel. Also,
the folding of a fragmentof ribonucleasé\ wassuccessfulbut thefolding of the B-hairpinforming
peptideBH8 failed. This unveiled sofar unknavn problemsof our proteinmodelwith rigid peptide
planesand specialeffective torsion potentialsfor the backboneorsionangles. The folding of BH8
wassuccessfuusingafully flexible proteinmodel. However, usingthe flexible modelthefolding is
muchlessefficient asexpectedfor therigid model.

The calculationof protonationandredoxstatesof titratableandredox-actie groupsof proteins
is doneon the basisof continuumelectrostaticssimilar to the solvent model usedin the folding
simulationdescribedabore. In continuumelectrostaticsthe solvent is representedy a medium
of ahigh dielectricconstant.By solvingthe Poisson-Boltzmanequationnumericallyon a grid, the
resultingelectrostatipotentialyandthusalsotheinteractionenegies)canbecalculatedin thisway,
the total electrostatienegy of a specificprotonationandredox stateof a molecularsystemcanbe
determinedA proteincontainsusuallyalot of titratableor redox-actie groups.For n of suchgroups,
thetotal numberof possiblestateds extremelylarge (2") sothatthe calculationof thermodynamical
averagesyhich arenecessaryo determinditration curvesandredoxpotentials by exactsummation
is computationallyinfeasible. Therefore] applyin the presenwork a Monte Carlomethodwherean
importancesamplingof the hugenumberof possiblestatess performedaccordingio the Metropolis
criterion. The methodyields goodresultsafter relatively shortsamplingtimes. The statisticalerror
of theseresultscanbe probedby evaluatinga correlationfunction.

By applyingthesemethods| couldgainalot of valuableinsights.For thefirst time, theenegy of
theelectrontransferfrom Q, to Qg in thebacterialreactioncenterwascalculateccorrectly Thecal-
culationsalsoyield importanthintsfor thesofarunsettledsequencef thefollowing electrontransfer
andprotonationeventsinvolving the quinonesof thereactioncenter In addition,the conformational
gating hypothesisof the electrontransferfrom Q, to Qg could be supportedrom the viewpoint
of theory andthe insightinto the relatedprocessesvas deepened.l presentin this work several
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84 APPENDIXA. ABSTRACT

approacheso include conformationaknsemblesand conformationaFlexibility in the calculationof

titration behaior. By explicit consideratiorof conformationakelaxation,the dielectricconstantof

theproteininterior couldbedecreasedemarkablyin accordancevith fundamentaprinciples.By in-

cludinganensemblef x-ray structuresthe pH inducedconformationathange®f myoglobincould
be reproduced.The pK, valuescalculatedin this studyarein betteragreementvith experimental
valuesthanary otherresultobtainedby non-trivial methodsbefore.

In the concludingoutlook, | discussthe future improvementsof the Monte Carlo methodfor
the long-termdynamicsof proteins,andthe assetsand dravbacksof existing methodsto calculate
titration behaior consideringconformationaflexibility. 1 shav how to avoid mostof the dravbacks
by a nev methodon the basisof a combinationof the Monte Carlo dynamicswith the titration
calculation.This methodrealizegheunrestrictecandunbiasedsamplingof the conformationakpace
andthespaceof titration statesatthe sametime.



Appendix B

Zusammenfassung German abstract)

Die vorliegendeArbeit gliedertsichin zwei Teile. Der ersteTeil behandeldie Faltungvon Pepti-
denmit einer Monte-Carlo-Methodezur Langzeitdynamikvon Proteinen. Der zweite Teil enttlt
Studienzum Titrations-und RedoxerhaltendesbakteriellenphotosynthetischeReaktionszentrums
und von Myoglobin. Durch die KombinationbeiderTeile skizziereich am Schlu3der Arbeit eine
neueMethodezur Titrationsberechnungon Proteinemmit vollstandigerKonformationsflgibilit at.

Die ArbeitsgruppeKnapparbeitetbereitsseitlangerZeit ander EntwicklungeinerMonte-Carlo-
Methodezur Langzeitdynamikvon Proteinen. Diese Methodewurde von mir fiir den erstenTell
meinerArbeit weiterentwiclelt. Es gelangdaraufhinnicht nur, wie bereitszuvor, ein Modellpeptid
zueinemHelix—Turn—Helix-Motif zufalten,sonderrauchdie Faltungeines3-Hairpinszu simulieren.
DieseBerechnungeibeinhalteterjedochnochkein Modell fir dasLdsungsmittel.In einemweite-
ren Schritt wurde daherdasAnalytical ContinuumSolveriModell von Michael Schaefeiin unsere
Methodeintegriert. Mit diesemModell konnteder AufbauunddasSchmelzereinera-Helix ausPo-
lyalaninin Ubereinstimmungnit ErgebnissereinerMolekulardynamikmit explizitem L&sungsmit-
telmodellsimuliertwerden.Auch die FaltungeinesFragmentesler Ribonucleasé\ war erfolgreich,
wohingeyendie Faltung des-Hairpin-bildendenPeptidsBH8 mil3lang. Hier zeigtensich bislang
nicht erkannteSchwachenunseresProteinmodellamit starrerGeometrieder Peptidebenaind spe-
ziellen effektiven Potentialerfiir die Torsionswinlel. Die Faltungvon BH8 konnteerfolgreichmit
einemvoll flexiblen Proteinmodelkimuliertwerden allerdingsweitauswenigereffizient alsmanes
bei VerwendunglesstarrenProteinmodellerwartenwirde.

Die BerechnunglerProtonierungsundRedoxzusindevon titrierbarenbzw. redoxakiven Grup-
penin Proteinenerfolgte, wie auchschonbeim fiir die Simulationder Proteinfiltung verwendeten
Losungsmittelmodellauf Basisder Kontinuumselektrostatjlbbei derdasL dsungsmittetiurcheinen
Bereich erhbhter Dielektrizitatslonstnie simuliert wird. Durch numerisched 6sender Poisson-
Boltzmann-GleichungufeinemGitter lassersichdie resultierendeelektrostatischeRotentialeund
damitauchdie elektrostatischeinteraktionsengien berechnen.Damit kann mandie elektrostati-
scheEnegie einesbestimmterProtonierungsund RedoxzustandedesGesamtproteinbestimmen.
Ein Proteinverfugt in der Regel Uiber eine groReZahl n von titrierbarenbzw. redoxaktven Grup-
pen. Die Gesamtzahin moglichenZustinden(2") ist extrem grof3,so daf3sich thermodynamische
Mittelwerte, die zur Bestimmungvon Titrationskunen und Redoxpotentialemotig sind, praktisch
nicht exakt berechnerassen. Daherverwendeich in der vorliegendenArbeit eine Monte-Carlo-
Methode,mit der eine Teilmengeder Vielzahl moglicherZustindegenafddesMetropoliskriteriums
durchmustenwvird. DurchdieseMethodeerlangtmannachkurzerZeit Ergebnissénoherstatistischer
Genauigkit, wasdurchAuswertereinerKorrelationsfunktiorgezeigtwerdenkann.

Mit dergenanterorgehensweisgvar esmir moglich, eineVielzahlwertwller Erkenntnissezu
sammeln.So konnteerstmaligdie Enegie desElektronentransferson Q, zu Qg im bakteriellen
Reaktionszentrunkorrekt berechneiwerden. Die Berechnungemrmgabenauchwichtige Hinweise
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86 APPENDIXB. ZUSAMMENFASSUNG (GERMAN ABSTRACT)

fur die zuvor ungekhbrte weitereReihenfolgeder Elektronentransferund Protonierungsschrittder
Chinoneim ReaktionszentrumbDesweitererkonnteauchvon theoretischeSeitedie conformational
gatingHypothesédetrefenddenElektronentransfergon Q, zu Qg untermauertinddasVerstindnis
derzugetdrigenVorgangeim Reaktionszentrumertieft werden.lch entwiclkelein dervorliegenden
Arbeit mehrereAnsatzezur Einfuhrungmultipler Konformationerundvon Konformationsflgibilit &t
in die Titrationsberechnunge In einemFall konntedurchdie explizit beriicksichtigtestrukturelle
Relaxiationdie Dielektrizitatslonstare fur dasinneredesProteinsentsprechendllgemeinePrinzi-
pienstarkverringertwerden.In einemandereriall wurdedie Enegetik pH-induzierterstruktureller
Anderungervon Myoglobin durch EinbeziehereinesEnsembleson Kristallstrukturenverstanden.
Die dabeiberechnetemK 5-Werte zeigeneine Ubereinstimmungnit dem Experiment,die in die-
serGenauigkit niemalszuvor mit nicht-trivialen Methoderzur pK -Wertberechnunegrzieltworden
sind.

In einemAusblick erdrtereich die in Zukunft moglichenVerbesserungetder Monte-Carlo-Me-
thodezur Langzeitdynamikvon Proteinenund die Vor- und Nachteileder existierenderMethoden
zur Titrationsberechnungit Konformationsflgibilit at. Ich zeigeauf, wie sichdurcheinezukiinftige
Kombinationder Monte-Carlo-Dynamikmit der Titrationsberechnundie meisterNachteileder exi-
stierenderMethodernumgehenassen DieseMethodeverwirklicht dasuneingesclimkteundverzer
rungsfreiegleichzeitigeDurchmusterrdesKonformationsraumegnd desRaumeder Titrationszu-
stande.



Appendix C

Glossary

Thefollowing abbr&iationsandsymbolsareusedin this work:

PBE
PDB

Nablaoperatorgradient
surfaceintegral

volumeintegral

occupatiorprobability

(keT)

Laplaceoperator

dielectricconstant

dielectricconstanbf the proteininterior
dielectricconstanbf the solvent
density(usuallychage density)
electrostatigotential

areasurface
analyticalcontinuumsolvent
bacterial(photosyntheticjeactioncenter
concentration

Cartesiarmove

centralprocessingunit
electrostatidisplacement

dictionaryof secondangtructuresof proteins
(methodfor secondangtructureassignment)
electrostatidield
Fouriertransforminfrared(spectroscop
freeenepgy, Gibb’s enegy

ionic strength

Boltzmannconstant
carbonmonoxymyoglob
moleculardynamics

menaquinone

specialpair (of thebRC)
Poisson-Boltzmanequation
Brookhaven ProteinDataBank
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q
Qs

Qs
R

r

Rh sphaeoides
RP

Rps.viridis

SM

T

u

uQ

Y,

WM
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chage

primary quinoneacceptoiin thebRC
secondaryjuinoneacceptoiin thebRC
molargasconstant

coordinate®f apointin three-dimensionapace
Rhodobactesphaeoides

Ramachandraplot basedmethodof secondargtructureassignment
Rhodopseudomonagidis

simplemove

absoluteemperature

(electrostaticenegy density

ubigquinone

volume

windowv move



Appendix D

CAMLAB++ Manual

This is a manualof the additionalcommandsandutilities of CAMLAB++ comparedo the normal
CAMLAB program.TouseCAMLAB++ , youwill alsoneedthestandardCAMLAB manualwhich
canbefoundin the WWW:

http://cartan. gmd. de/ compchemho ff mann/C AMlab/manual/m anual. ht ml
The documentatiorof the ACS partsof CAMLAB++, which were mainly implementedby Bjorn
Kleier, arestill in apreliminarystateandnotincludedhere.

D.1 Commands

D.1.1 Subcommandsof r ead energy_t erns

Thesecommandsanbe usedastypespecifierin theread _energy _terms -command.

D.1.1.1 Ij pair

Format of additional data:
n_pairs numberOfLJRIrs
molnamel atomnuml molname2 atomnum?2 LJe LJr

Description:

lj _pair is usedto introducespecialLennard-Jonemteractionsbetweenwo individual atoms.In
eachline two atomsare specifiedby moleculename(molnamé andatomnumber(atomnun). The
Lennard-Jonemteractions givenby thetwo usualLennard-Jonegarameterenegy (LJe) andradius
(LIn).

D.1.1.2 noe

Format of additional data:

temperature  tempRrram

scaling scalefactor

n_distances numberOfNOEConsitints
a numberOfAtomsin@upAOfConstaintl
mlaala

m2aa2a

b numberOfAtomsin@upBOfConstintl
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mlbalb
m2ba2b

para kminrmin kmaxrmaxfmax
a numberOfAtomsin@upAOfConstaint2

Description:

noe is an enegy function to use NOE constraintswithin CAMLab. It is very similar to dis-
tance _1, but all enegy termsaremultiplied by tempRram andscalefctor. If you usethe same
parametefor tempRiramandfor thetemperaturgparametein the metropoliscriterion,temperature
will have no effectonthe NOE enegy termsin MC sampling.

In additionto distance _1, noe allows to give more than one atom on both side of the NOE
constraintAll possibledistancesarethenaverageddy thefollowing equation:

1
6 Zrie
]

ij

r=

D.1.1.3 quadrati crepul sion

Format of additional data:

scaling scaleRctor

n_atoms numberOfAtoms
moleculeNamaumberOfAtomtadiusOfAtomXorceConstantl
moleculeNamaumberOfAtom2adiusOfAtomZorceConstant2

quadratic  _repulsion isanenegy functionwhich calculateghe quadratiaepulsionof atom i
with eachotheratom j basedonits radii rj andr; andtheir distancer;;. The atomicforce constants
ki andk; arescaledby thescalingfactors.

E=sY v/kiki(rij - %(ri +rj))?

i>]

D.1.1.4 sartori

Format of additional data:

epsilonfactor number

epsilonfunctio n funtionString

epsilonl4facto r number

number _of _torsion _potentials numberOfdrsionPotentials
torsion _potential nameOfiBtential 1

dimension n! numberof valuesin onedimension

enegy\alue phi_1_psil

enegy\alue phi_1_psi 2

enegy\alue phi_1_psin
enegy\alue phi_2_psi_.1
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enegy\alue phi_2_psi.2

enegy\alue phi_n_psi.n
torsion _potential nameOfBtantial 2
dimension numberOf"luesinOneDimension

number _of _molecules number

molecule nameOfMoleculel

bonds numberOfBonddrmsinMolecl

atomnumberl atomnumberR forceConstanequilibriumDistance

bondangles numberOfBondanglefmsinMolecl
atomnuml atomnum?2 atomnum3 forceConstanequilAngle

torsions  numberOfdrsionermsinMolecl
atomnuml atomnum?2 atomnum3 atomnum4 forceConsimultiplicity equilTorsion

impropers  numberOfimpoperermsinMolecl
atomnuml atomnum?2 atomnum3 atomnum4 forceConsequillmpioper

nonbondeds numberOfNonbondedsinMald
atomNummasscharge LJe LJr LJ14elJ14rdeltaR

excluded _nonbonded _pairs numberOfExcludedNEiRs
atomnuml atomnum?

torsions  _with _potential numberOfdrsionsVithPotentialnMolec_1
nameOfBtentialphi_l phi_2 phi_3 phi_4 psiL1 psi2 psi3 psid

fixed _bonds numberOffxedBondsinMoled
atomnuml atomnum?2 bondLength

fixed _angles numberOffixedAnglesinMoled
atomnuml atomnum?2 atomnum3 angle

fixed _torsions numberOffkedTorsionsinMolecl
atomnuml atomnum2 atomnum3 atomnum4 torsionAngle

fixed _impropers numberOfixedimpopessinMolec_1
atomnuml atomnum?2 atomnum3 atomnum4 improperorsionAngle

molecule nameOfMoleculd
bonds numberOfBonddrmsinMolec2

Description:

sartori  isverysimilarto mdforce _field . It doeseverythingwhatmdforce _field does.
In addition, it is possibleto readin twodimensionatorsion potentialsfor pairsof dihedralangles.
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Also parametersor fixedbondlengthsandbondanglescanbegiven.
Hereonly the differencedo themdforce _file subcommanaredescribed.

To switch off the calculationof Coulombinteraction,setepsilonfactor to zero.(Thatis neces-
saryif youwantto substitutehe Coulombpartby anotherforcefield,e.g.acs .)
The epsilonl4factor is appliedto Coulombinteractionof 1-4-linked atoms. It is 0.5 for

the Charmmparameteset of MSI, 0.4 for the CharmmPARAM19 set, and 1.0 for the Charmm
PARAM22 set.

Torsion potentialsare given as enegy valueson a twodimensionalgrid with n grid pointsin each
dimension. Thegrid is torus-like. Thefirst grid pointin a grid row is identicalto the last. Hence,
with a 10° grid nis 37. enegy\alue phi_1_psi_1 is the enegy valueat ¢ = —180 andy = —180C.
enegy\alue phi_n_psinistheenegy valueat@= +180C andy = +18C. Bothgridpointsandvalues
areidentical. CAMLAB++ usesthe torus-like form of the potentialto checkfor consisteng of the
givendata. The input datafor thetorsionpotentialscanbe generatedisingthe stand-alongorogram
—MakeSartoriPot  enti al s.

In theenepy functionof FredoSartori,thereis a correctionparametefor the Coulombeneqgy:

1 oo
Ateeg r + AR

ECoulomb =

TheparameteAR (in A) canbegivenfor eachindividual atomin thenonbondeds section(deltaR.
Usually, it is only appliedto H atoms.
Thetwodimensionatorsionpotentialsusuallyincludesomenon-bondedermsimplicitly. Thesenon-
bondedinteractionsmustbe switchedoff individually usingthe excluded _nonbonded _pairs
subcommandThe orderof the pairsis critical. The first atomnumbermustalwaysbe greaterthan
the second.The first atomnumberin row n+ 1 mustbe lessor equalthanthe first atomnumberin
row n. If thefirstatomnumberdn row n+ 1 andn areequal,the secondatomnumberin row n+ 1
mustbelessthanthe secondatomnumberin row n.

With thetorsions  _with _potential subcommangbairs of dihedralanglescanbe assignedo
thetwodimensionatorsionpotentialsdefinedby thetorsion _potential subcommand.
The remainingsubcommandare usedto definevaluesfor fixed degreesof freedom. Thesevalues
areonly usedfor thingslike chainretuilding. They dont make surethatthesedegreesof freedom
arereally fixed. If you apply for examplea cartesianmove, the “fix ed” degreesof freedomwill
probablychange.Thus,you have to take careto keepthe “fix ed” degreesof freedomreally fixed by
anappropriateselectionof moves.

Sincethe chainreluilding procedurds not yet implementedn CAMLAB++, thesecommandsare
actuallyuselessvith theimportantexceptionof fixed _bonds . Theparametersf thissubcommand
in connectiorwith thoseof thebonds subcommanareusedto createthebondedist. Eachbondin
themoleculemustberepresentateditherin thebonds sectionorin thefixed _bonds section.
The parameters for a molecule can be generated using the stand-alone program
—MakeSartoriEte  rms.

D.1.2 Subcommandsof r ead_nove
D.1.2.1 di hedr al .wi ndow

Format of additional data:

old _energy EoldParaName

new_energy EnevParaName

selection  _energy Eselection

number _of _tries NumberOfTfies! (optional)
conformational _change ConfRaraName! (optional)
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acceptance AcceptRraName

backbone _dihedral _scaling BBDihedalScalefct

sidechain _dihedral _scaling SCDihedalScaleRct

prerotation dihedral scaling PRDihedalScaleR’ct! (optional)
cartesian  _displacement  Displacement (optional)

int _list  WoList

energy _subset _index EnegySubsetitaName

atom _subset _index Asubset

criterion CritType

... (criteriondata)

end _criterion

number _of molecules n_molecs

molecule molecName

number _of _chains ncs

start _chain chaintypeaStart! (chaintypeisfixed orfree orcyclic )
sc s1ls2s3s4DeltaPhiS

[ nls

afirstlalastl

afirstnl a_last.nl
r nrs

afirstnr a_last.nr

cartesian  nCart! (optional)
afirstlalastl

afirst nCarta_last.nCart
bb pivot apivot

bb b1b2b3b4 DeltaPhiB
| nlb

 nrb

sc sls2s3s4DeltaPhiS
;:.e{rtesian nCart! (optional)
bb _pivot apivot

end _chain chaintypeaEnd
start _chain chaintypeaStart

Description:

Thedihedral _window commandof standardCAMLab hasbeenreplacedn CAMLAB++. The
newv dihedral _window commandhassomeadditionalfeaturesbut is neverthelesscompletely
compatibleto the old version. All newv keywordsare optionaland canbe omittedin the input file.
However, if you wantto useoneof the new featuresyou have to insertthe new keyword exactly at
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theplacegivenin the syntaxdescriptionabove.
All keywordsnotmentionedelon havethesameaneaningasin theold versionof dihedral ~ _window .
number _of _tries : If afterapplicationof the prerotationsno geometricakolutionis possible the
programwill try it againwith new prerotationsuntil the numberof tries reacheghe value of this
parameter

conformational _change : If anew conformation(i. e. differentfrom the original conformation)
is selectedthevalueof this parameters setto 1 (if not, it is setto 0). Thevalueof this parametewill
be 1 evenif the new conformationis rejectedby the respecitie criterion . With this parameter
you candistinguishbetweertacceptancelueto unchangeaonformation”(i. e. unchangecenegy)
and“real acceptance(of a newv conformation).

prerotation dihedral _scaling : This parametescalesonly the prerotations.If it is given,
dihedral _scaling scaleonly unconstrainednovesatafreeendor startof achainanddihedral
changeshatarenot prerotations!f you setprerotation dihedral _scaling toasmallvalue
anddihedral _scaling toalargevalue,youwill geteasilyalot of geometricapossiblesolutions
of thewindow move. It is, however, questionablevetherdetailedbalancds maintainedor not.
cartesian  _displacement : This parametemgivesthe maximal possibledisplacemenfor the
cartesiarmove.

cartesian : In this section,atomsfor the cartesiardisplacementyhich is appliedif a nev con-
formationhasbeenselesctedareselected.To selectatomsin the sidechainthis block mustappear
betweerthetwo dihedralanglesatthe pivot atom.

D.2 Utilities

Theitemsdescribecherearenot CAMLAB++ commandsut stand-alongrograms.

D.2.1 Generationof Input Data
D.2.1.1 MakeSartori Potentials

Syntax:
MakeSartoriPot  enti al s inputfile potential-namég factor ]

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

D.2.1.2 MakeSartori Eterns

Syntax:
MakeSartoriEte  rms masses.rtparm.prmpsf-filedelta-Rmolecule-nameutput-file

A CHARMM psf -file is corvertedto thegeneralizednput formatof CAMLAB++. For this process,
alsothe CHARMM parametefile andrtf -file is needed.delta-Ris the hydrogen-bonaorrection-
value.

D.2.1.3 MakePi vot

Syntax:

MakePivot dihedmal-intervall offsetaal[ aa2...]
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Thisis a perl scriptthat writesa CAMLab pivot file to stdout . The scriptis very specialized
andwill work only underspecialconditions. The peptidefor which the pivot file is createdmustbe
built with CHARMM19 usingthe NACTandCMAMatch. Somecustomizatiorcanbe doneby setting
a suitableoffsetfor the atom numbers. However, you will have to edit the first residue. dihedmal-
intervall is themaximalchangeof adihedralangleduringawindow move. aan denotegherespectie
residue.CurrentlysupportecareALA, ARG ASN GLU GLY, HSC(protonatedis), ILE , LEU, LYS,
PHE THR TYR VAL. Timm Essigle haswritten the correspondingrogramfor CHARMM22.

D.2.1.4 MakeDi hedral s
Syntax:
MakeDihedrals dihedml-intervall offsetaal[ aa2...]
Thisis analogouso MakePivot , butdoesnotcreateapivot file, butadihedralfile for theapplication
of simpledihedralmoves.
D.2.2 Processingof Output Data
D.2.2.1 clt2dcd
Syntax:

clt2dcd [-h][-f steps-perecod] [-n stepofse] [-0 dcd-out-filg [-s frame-skip[-swap ]
clt-in-file(s)....

This programcorverts CAMLab trajectoryfiles into CHARMM dcd trajectoryfiles. All input files
aremegedto oneoutputfile in the ordergiven atthe commandine. They mustbe all for the same
molecule. The stepofsetis only appliedonceat the beginning, but steps-perecod mustbe valid
for all input files. If no namefor the dcd-out-fileis given, a nameis generatedrom the first input
file name.With the-swap optiongiven,the byte orderis swappedsothatthedcd file is usableon
machineswith differentendian(only).
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Appendix E

K ARLSBERG Manual

Thisis theorginal versionof themanualfor KARLSBERG 0.4.1 did notapplyary changego prevent
confusion.Soyou will find akind of self-referencéo my PhD thesiswithin the manual.l hopethis
will notbethe sourceof anotheikind of confusion.l assureyou thatthereferredPhDthesisis really
justthe bookyou arereadingnown. The manual(perhapsvena newver version)canalsobe foundat
the KARLSBERG homepage:

http://lie.che mie. fu- berl in .d e/k arls berg/

E.1 Whatis KARLSBERG?

KARLSBERG is aprogramfor Monte-Carlo(MC) calculationof titration patternf proteins.It needs
intrinsic pK 5 valuesof thetitratableresiduesandaninteractionmatrix betweerthemasinput. It will
calculatethe protonationprobabilitiesfor thesetitratablesitesat given pH values.This input usually
comesfrom electrostatiqpprograms,e.g. MEAD by Donald Bashford(Bashford& Karplus,1990).
So far, KARLSBERG is very similar to the McTI programof Paul Beroza(Berozaet al., 1991).
All featuresof McCTI arealsopresentin KARLSBERG: doublemoves, reducedsite titration, error
estimationby correlationfunctions. However, thereare someadditions: KARLSBERG is ableto do
paralleltempering(Hansmann;1997), triple moves (Rabensteiret al., 1998a),enegy-biasedMC
(Berozaet al., 1995)and,mostimportant,samplingof multiple conformationsusinganMC version
of themethoddescribedy Rabensteiret al. (1998a).

PapersvhereK ARLSBERG wasapplied,areRabensteirt al. (2000),RabensteimndKnapp(2000a),
Vagedeet al. (2000).Especiallyin RabensteimndKnapp(2000a)youwill find mostof thescientific
backgrounddescribedat oneplace. An even morecompletesourceis my PhD thesis,which will be
availableassoonasit is publishedvia my WWW publicationlist:

http://lie.che mie. fu- berl in .d e/” rabels ci ence/ publ ic ati ons. ht ml
KARLSBERG itself is alsoavailablein the WWW:
http://lie.che mie. fu- berl in .d e/k arls 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,
soyou needPerlto runthem.

97
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KARLSBERG is written in C++, so you needan appropriatecompilet if you wantto compile it
yourself.

Goto thesrc subdirectoryandtype make (you mustuseGNU-male!). This will work on Linux
andIRIX. Theresultingbinaryis calledkarlsberg.Linu x or karlsberg.IRIX , respectrely.
(They arecreatedn the samedirectoryasthe sourcefiles.)For otherplatforms,you mustunfortu-
natelyhelpyourselfandmodify the Makefile.

E.3 Running KARLSBERG

Therearenocommandine parametersAll programparameterandspecialcommandsrereadfrom
stdinline by line. Usually youwill pipea controlfile with all the parameterandcommandsnto the
program:

karlsberg < input-file > log-file

KARLSBERG tells you a lot aboutwhatit is doing to stdout. This outputshouldbe self-explaining.
I/0 from andto files is controlledby the commandgivento stdin. As input you needat leasta file
with intrinsic pK 4 valuesanda file with the interactionmatrix. The real resultsarewritten to files,
notto stdout.

E.3.1 Samplefiles

In the directory sample of the distribution, you find a setof samplefiles. Run KARLSBERG by
typing

karlsberg < myoglobin.in > myoglobin.out

To understandhe commandsn myoglobin.in  , readthefollowing section.

E.3.2 Syntaxof input to stdin

Eachline startseitherwith a keyword or with the commentsign “#”. Lines startingwith “#" are
ignored. You canusethe commentsign alsowithin aline. The partof theline after“#” is ignored.
After akeyword, parametersnayfollow. If you give too mary parametersK ARLSBERG Wwill ignore
the surplus. If you give too few, KARLSBERG will assigndefault valuesif thereareary. Inputis
finishedby aline startingwith thekeyword end . Everythingafterthisline isignored.If nosuchline
is presentjnputwill stopwheneof is detectedOrderof linesmaybearbitrarywith two exceptions:
The oneis theend line (of course),andthe otherare repeateckeywords. Most keywords should
only appeatoncein theinput. If suchakeyword is usedmorethanonce,only thefirst appearances
recognizedall othersareignored.In thefollowing, all keywordswith theirrespectie parameterare
listed (in alphabeticabrder)andexplained. In the syntaxdescription,squarebraclets([...]) mark
optionalparametersDefault valuesfor theseparametersregivenin thedescription.

bi as site. nameenegy [unit]
This keyword canbe usedmorethanonce. It definesa biasenegy thatis addedto the proto-
nationenepy of the specifiedsite. (For detailsseeBerozaet al. (1995).) The default unit is
IA. Otherunitsmaybe specifiedasunit. kJ/mol , kcal/mol , meV, eV.

conf or mat i on pkintfile interactionmatrix file [refeenceenegy [unit]]
This keyword canbe usedmorethanonce.Eachoccurrencegenerates nev conformer Data
for intrinsic pK, valuesandthe interactionmatrix arereadfrom the givenfiles. The default
valuefor thereferenceenepy is 0 (zero),thedefault unit is e?/A. Otherunits may be specified
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asunit: kJ/mol , kcal/mol ,meV, eV.

Formatfor pkintfile: Onerow pertitratablesite. Eachrow hasthreeitemsseparatethy spaces.
Firstitem: intrinsic pK4 value. Seconditem: oneletter, A (anionic)or C (cationic),anionic
meansunchaged referencestateis protonated,cationic meansunchaged referencestateis
unprotonated.Therestof theline is third item: nameof site. It is recommendedio usesite
nameswithout spacessinceyou cannot give site nameswith spacesn the commandsias
andpH.independent

Formatof interaction matrix_file: Onerow perinteraction(total numberof rows is numberof
titratablesitessquared) Eachrow hasthreeitemsseparatetby spacegitemsafterthethird are
ignored).Firstitem: numberof first site (sitesarenumberedrom 1 to n in theorderthey occur
in pkintfile). Secondtem: numberof secondsite. Third item: interactionenegy in units of
IA.

conf or mat i on_noves_per _scan [reaLnumbet
Numberof conformation-changmmovesperMC scan.Thesemovesarerandomlymixedwith
the othermoves. This parameters a statisticalexpectationvalue. It may be smallerthanone.
Defaultvalueis 1.

conformati onreference state site namestate
Sometimeghe conformationakeferenceenegy cannot be determinedwith all titratablesites
in their unchaged referencestate. The titration stateof individual titratable sitesduring the
calculationof the conformationalreferenceenegy can be given using this keyword, if it is
differentfrom the unchagedstateusedasreferencestateduringthe calculationof theintrinsic
pK 4 values.stateis eitherP (protonatedpr U (unprotonated)This keyword canbe usedmore
thanonce.

correlationlimt [factod
Thisis thefractionof thevariancehathasto bereachedy thecorrelationfunctionto determine
correlationtime. Must be greaterthanzeroandsmallerthanone. Default valueis 0.1. (For
detailsseeBerozaet al. (1991).)

end (noparametes)
This keyword tells KARLSBERG to stopreadingfrom stdinandto startthecalculation.

ful | scans [numberof.scan$
Numberof MC scanswith all titratablesites. Default valueis 10,000. Onescancomprisesas
mary randomattemptgo changedhetitration statesasdifferenttitration movesareeligible (sin-
gle,double,andtriple movestogetherplusthe givennumberof conformationahndtempering
moves(seeconformation _moves_per _scan andtempering _moves_per _scan ). In
additionto the numberof full scansgivenhere, KARLSBERG will apply 10 equilibrationscans
beforethe productionrunis started.

m n_i nt _pai r s [interaction-enegy]
Minimal interactionenegy in pK g unitsto considera pair of titratablegroupsasstronglycou-
pled. For suchpairs,doublemovesareappliedin additionto simplemoves. Default valueis
2.5pK, units. If 0 (zero)is given as parameterno doublemovesaredoneatall. If you are
usingmultiple conformationsfor eachconformatiortheinteractionenegiesmay be different.
KARLSBERG will alwayslook for the strongestvailableinteractionenepgy of a specificsite
pair.

m n_ nt triples [interaction-enegyj
Minimal interactionenegy in pK, units to considera triple of titratable groupsas strongly
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coupled. For suchpairs, triple movesareappliedin additionto simplemoves. Default value
is 5pK, units. If 0 (zero)is given asparameterno triple movesaredoneat all. Pleasenote,
thatfor threegroupsA, B, andC thetriple criterionis fulfilled if A andB arecoupledstrongly
enoughandB andC, too. A andC do notneedto bestronglycoupled.If youareusingmultiple
conformationsfor eachconformationtheinteractionenegiesmay be different. KARLSBERG
will alwayslook for the strongestvailableinteractionenegy of a specificsite pair.

out put [outputfile_prefix
All outputfiles aregeneratedisingthis prefix. Default valueis karlsberg-outpu t.

pHend [pH_.valug
At thispH, titration stops.Mustbegreatethanor equalpH_end . Defaultis equalto pH_start

pH. ncr [incrementvalug
Incrementor pH value.Must be positive. Defaultis 0.1.

pH.i ndependent site name
Not only titratablegroups but alsoredoxgroupscanbetreatedby KARLSBERG. Theredoxpo-
tentialof thesegroupsis independenon pH. This keyword, which canbeusedmorethanonce,
marksa site asa pH-independentedoxgroup. Which redoxstateis the pseudo-“protonatéd
andpseudo-“unprotortad’ andwhich of themis thereferencestate depend®n yourinput.

pHstart [pH_valug
At this pH, titration begins. Mustbe smallerthanor equalpH_end . Defaultis 7.0

reduced_scans [numberof_scan$
Number of MC scans with the reduced set of titratable sites (see also
reduced _set _tolerance ). Defaultvalueis100,000.0nescancomprisegsmary random
attemptgto changethe titration statesasdifferenttitration movesareeligible (single,double,
andtriple movestogether).

reduced_set _t ol erance [tolerancevalug
After thefull MC calculationhasfinished,all titratablesiteswhoseprotonationprobability has
a differenceto zeroor unity smallerthanthis value are fixed in their respectie state(fully
protonatedor unprotonated).The differencemustbe small enoughin all conformationgthat
weresampledatleastonce)andatall temperatureéof paralleltempering) After that,reduced
MC calculationis done,wherethe fixed titratablesitesare not involved ary longer Default
valueis 0.000001.

seed [positiveinteger]
Seednumberfor the randomgeneratar Must be a positve integer If 0 (zero)or nothingis
given,theseeds takenfrom the presensystentime.

t enper at ur e [tempeature]
Temperaturdor MC simulationin K. Default valueis 300K. This keyword canbe givenmore
thanonce.If thisis the case paralleltemperingis donewith onecopy pergiventemperature.
The lowesttemperatureagiven in this way is assumedo be the temperaturewhereyou have
calculatedheintrinsic pK ; values(K ARLSBERG useghistemperaturdor cornvertingpK units
to kd/mol).

t enperi ng_noves _per _scan [reaLnumbef
Numberof temperingnovesperMC scan.Thetemperingmovesarerandomlymixedwith the
othermoves. This parameters a statisticalexpectationvalue. It maybe smallerthanone. The
defaultvalueis 1.
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E.3.3 Output

KARLSBERG generate®neoutputfile for eachcombinationof pH, temperaturegconformationand
full / reducedsampling.File namedook like

prefix [full  |red ]_pHpH_tem@K_conf conf-nr

Conformationnumber0 (zero) meansthat all conformationsare consideredogether If only one
conformationis consideredthe last part of the filenameis omitted. In eachfile, thereis a single
numberin thefirst line. This numberis therelative occupang of therespectie conformationduring
theMC simulation.After that,atablewith five columnsfollows. Thefirst columnis the sitenumbey
the secondhe site name the third the biasedprotonationprobability the fourth the statisticalerror
(standardleviation), andthefifth therebiasedrotonatiorprobability If you have notappliedbiased
MC, the third andfifth columnareequal. Statisticalerror for the rebiasedrotonationprobability is
not calculatedln thefirst row of thetable(sitenumber0 (zero)),the sumof all sitesis given.

E.4 Postprocessingof output

E.4.1 make_curves

Syntax:
make_curves prefix

<prefix> mustincludethe _full or _red partof the filenames. The programwill try to find all
usableoutputfiles of KARLSBERG by itself.

This postprocessingrogramwrites onefile for eachsite, onefor the sumof all sites,and one for
the occupanyg of thedifferentconformationslit takesdatafrom the lastcolumnof the KARLSBERG
outputfiles (rebiasedrotonationjandputsthemfor all pH valuestogether |t will try to calculatethe
pKa valueandthe slopeof the Hill plot. Theresultis written to the commentsectionof the output
files. After thiscommentsectionatablefollows. In thefirst columnof this tableyouwill find the pH
valueandin thefollowing columnsthe protonationprobability for the differentconformations.The
file with the occupanciesf thedifferentconformationiasaformatsimilarto thatof the protonation
probability files. In the first column,you will find againthe pH. In the following columnsyou will
find the occupancie®f the conformations.The outputfiles canbe visualizedusinga programlike
xmgr orgnuplot . Thetreatmenbf histidinesis special(Bashfordet al., 1993).

E.4.2 make_protonation_table
Syntax:
make_protonation  _table filel[file2[...]] [ start-confend-conf]

This postprocessingrogramwrites a IATEX file of a protonationtablefor the givenfiles. It is a Perl
script. Seethe scriptfile itself for details. The treatmentof histidinesis special(Bashfordet al.,
1993).
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