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Im Zellkern wikelt sih die DNS um Histonproteine, bildet dabei Nukleoso-menteilhen und pakt diese in eine stark negativ geladenene Struktur, die Chromat-in�ber. Das Linker-Histon ist ein Protein, welhes an das Nukleosom bindet und dieVerknüpfung der Nukleosomen untereinander bestimmt. Um die Nukleosom-Linker-Histon-Wehselwirkung zu simulieren, wurden Simulationsmethoden der Brown?sheDynamik (BD) und die Normalmodenanalyse (NMA) benutzt. Die NMA des Nukleo-soms zeigten die wihtigsten Bewegegungsmoden der beiden Linker-DNS Moleküle.Diese Ergebnisse wurden benutzt, um Konformationen der Linker-DNS zu generieren,welhe in BD Simulationen zum Doking mit starren Körpern zwishen einer Linker-DNS und deren Mutanten an das Nukleosom eingesetzt wurden. Aus diesen Simula-tionen konnten zwei untershiedlihe Bindungsstellen und eine Niht-Bindungsstelleauf dem Linker-Histon identi�ziert werden. Die Aminosäuren, die sih in den Simula-tionen als wihtig für die Bindung herausstellten, sind konsistent mit experimentellenDaten. Darüberhinaus wurde für eine groÿe Anzahl von Linker-DNS-Konformationeneine einzige vorherrshende Bindungsmode des Linker-Histons an das Nukleosom ge-funden. Basierend auf den Ergebnissen des BD Doking wurden die Assoziation-sgeshwindigkeiten des Linker-Histons an das Nukleosom modelliert. Die erhal-tenen hohen Assoziationsgeshwindigkeiten in der Nähe der Di�usionsgrenze (109M−1 s−1) wurden einer elektrostatishen Steuerung zwishen beiden Biomolekülenzugeordnet. Ein neues Verfahren zur Berüksihtigung von molekularer Flexibil-ität in den BD Simulationen wurde entwikelt. Hierbei wird ein Bindungspartnerals ein diskreter Satz von strukturellen Konformationen behandelt, die die Flex-ibilität repräsentieren. Der Übergang zwishen den Konformationen wird durheinen Markow-Prozess beshrieben, dessen Wahrsheinlihkeiten vier vershiedenenAuswahlalgorithmen folgen: drei von ihnen basieren auf der Wehselwirkungsenergiezwishen den Molekülen und der vierte basiert auf einer Zufallsauswahl. Diese Meth-ode wurde erfolgreih auf das Verknüpfungshiston-Nukleosomensystem angewandt,wobei das Nukleosom als �exibel behandelt wurde. Die Ergebnisse zeigen, dass dasVerknüpfungshiston bevorzugt an eine o�ene Konformation des Nukleosoms bindet.Basierend auf den Ergebnissen der BD Simulationen wurde die Dynamik des Begeg-nungskomplexes in einer Molekulardynamiksimulation in atomaren Details auf einerZeitskala von ∼ 10ns modelliert. Die Simulation ergab einen stabilen biomolekularenKomplex mit eine konformationellen Änderung einer Shleifenregion des Verknüp-fungshistons, die einem Indued-Fit-E�ekt zugeordnet werden konnte. Auf diese Artund Weise konnten Einsihten gewonnen werden in die maÿgebenen Umstände derVerknüpfunghiston-Nukleosom Bindung. Zusätzlih werden diese Ergebnisse von Be-deutung sein für eine Modellierung der Chromatinfaser auf höhere Ebene.
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In the ell nuleus, DNA wraps around histone proteins, forming nuleo-some partiles, and paks into a highly negatively harged struture, thehromatin �ber. The linker histone is a protein that binds to the nu-leosome and determines how the nuleosomes are linked to eah other.To simulate the nuleosome-linker histone interations, a Brownian Dy-namis (BD) tehnique together with normal mode analysis (NMA) wasapplied. NMA of the nuleosome revealed the most prominent modes ofmotion of its two linker DNAs. The results were used to generate on-formations of the linker DNAs whih were used in BD simulations of therigid-body doking of a linker histone and its mutants to the nuleosome.From the simulations, two distint binding sites and one non-binding siteon the linker histone were identi�ed. The amino aids found to be mostimportant for binding in the simulations with the linker histone mutantsare onsistent with experimental data. Moreover, a dominant bindingmode of the linker histone to the nuleosome was found for a wide range ofonformations of the linker DNAs. The assoiation kinetis of the linkerhistone to the nuleosome was modeled using the results obtained by theBD doking. The obtained high assoiation rates lose to the di�usionallimit (109 M−1 s−1) were attributed to eletrostati steering between bothbiomoleules. A new method aounting for moleular �exibility duringBD simulation was developed. One of the binding partners is treated asa disrete set of strutural onformations representing its �exibility. Thetransition between the onformations is desribed by a Markovian pro-ess with probability following four di�erent seletion algorithms: threeare based on the interation energy between the moleules and the fourthis based on random seletion. The method was suessfully applied to thelinker histone-nuleosome system, where the nuleosome was modeled asa �exible moleule. The result suggests that the linker histone prefer-entially binds to more open nuleosome onformations. Following theBD results obtained, the enounter omplex dynamis was modeled byatomi detail Moleular Dynamis (MD), taking into aount all degreesof freedom in lassial mehanis on ∼ 10 ns time sale. The simulationresulted in a stable biomoleular omplex with a onformational hangeon the loop region of the linker histone, whih ould be attributed to anindued �t e�et. As well as providing insights into the determinants oflinker histone-nuleosome binding, the results are expeted to be valuablefor higher order modelling of the hromatin �ber.
vi



The work in this thesis was arried out under the supervision ofDr. Rebea Wade, Head of the Moleular and CellularModeling group at the EML Researh, Heidelberg, Germany

vii





Aknowledgements
I would like to aknowledge the following individuals and institutions fortheir generous assistane during my PhD study.� First I would like to aknowledge Dr. Rebea Wade for her exellentguidane during these 3.5 years.� I thank Prof. Dr. Jeremy C. Smith and Prof. Dr. Jörg Langowski fortheir valuable disussions throughout this researh projet. I am alsothankful to our ollaborators.� Speial thank deserve all the members of the MCM group at EML Re-searh for their support and enouragement during my dotoral study.Partiularly, I am deeply grateful to Razif Gabdoulline for introduingme to the SDA software pakage and to Vlad Cojoaru for his help andassistane during the MD simulations.� My thanks go to the administration at the EML Researh for their as-sistane throughout my work.� I gratefully aknowledge Deutshe Forshungsgemeinshaft (GermanResearh Foundation) and Klaus Tshira Foundation for their �nanialsupport.� I would like also to thank my family and friends for their support andenouragement during the PhD study.

ix





Contents
Abstrat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vAknowledgements . . . . . . . . . . . . . . . . . . . . . . . . ix1 Introdution 12 Theoretial Overview 52.1 Statistial physis in biology . . . . . . . . . . . . . . . . . . . 52.1.1 Equilibrium statistial mehanis . . . . . . . . . . . . 52.2 Brownian motion . . . . . . . . . . . . . . . . . . . . . . . . . 72.2.1 Smoluhowski theory . . . . . . . . . . . . . . . . . . . 72.2.2 Einstein theory . . . . . . . . . . . . . . . . . . . . . . 82.2.3 Langevin and Smoluhowski equations . . . . . . . . . 92.3 Reation kinetis . . . . . . . . . . . . . . . . . . . . . . . . . 102.4 Small (thermal) �utuations . . . . . . . . . . . . . . . . . . . 122.5 Dynamis of Biomoleular Assoiation . . . . . . . . . . . . . 142.5.1 Bimoleular Assoiation . . . . . . . . . . . . . . . . . 142.5.2 Moleular interation . . . . . . . . . . . . . . . . . . . 153 Chromatin Fiber 193.1 Struture and biologial funtion . . . . . . . . . . . . . . . . 193.1.1 Chromatin . . . . . . . . . . . . . . . . . . . . . . . . . 193.1.2 Nuleosome . . . . . . . . . . . . . . . . . . . . . . . . 213.1.3 Linker histone and its role in hromatin . . . . . . . . . 224 Computational Methods for Studying Biomoleular Dynam-is and Interations 254.1 Normal Mode Analysis . . . . . . . . . . . . . . . . . . . . . . 264.1.1 Elasti Network Model . . . . . . . . . . . . . . . . . . 264.2 Brownian Dynamis . . . . . . . . . . . . . . . . . . . . . . . . 274.2.1 Ermak-MCammon algorithm . . . . . . . . . . . . . . 274.2.2 Simulation of di�usional assoiation . . . . . . . . . . . 284.3 Moleular Dynamis . . . . . . . . . . . . . . . . . . . . . . . 344.3.1 Fore �elds . . . . . . . . . . . . . . . . . . . . . . . . 344.3.2 Veloity Verlet algorithm . . . . . . . . . . . . . . . . . 364.3.3 Thermostats and Barostats . . . . . . . . . . . . . . . 375 Brownian Dynamis doking of the linker histone to the nu-leosome 395.1 System preparation . . . . . . . . . . . . . . . . . . . . . . . . 405.2 NMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40xi



CONTENTS5.3 Eletrostati potential alulation . . . . . . . . . . . . . . . . 455.4 E�etive harges alulation . . . . . . . . . . . . . . . . . . . 465.5 Brownian Dynamis setup . . . . . . . . . . . . . . . . . . . . 465.6 Struture of the nuleosome-linker histone GH5 . . . . . . . . 485.7 Summary and impliations to hromatin �ber . . . . . . . . . 546 Brownian Dynamis doking of the linker histone mutants tothe nuleosome 576.1 Mutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 576.2 BD doking and analysis of the results . . . . . . . . . . . . . 586.2.1 Nuleosome-linker histone omplexes . . . . . . . . . . 596.2.2 Dynamis . . . . . . . . . . . . . . . . . . . . . . . . . 636.2.3 Energetis . . . . . . . . . . . . . . . . . . . . . . . . . 676.2.4 Statistis . . . . . . . . . . . . . . . . . . . . . . . . . . 686.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 737 Assoiation rates of GH5 to the nuleosome by BrownianDynamis 757.1 Brownian Dynamis set up . . . . . . . . . . . . . . . . . . . . 767.2 Assoiation rates results . . . . . . . . . . . . . . . . . . . . . 787.2.1 Rates to the referene struture 70 . . . . . . . . . . . 787.2.2 Rates to the extreme onformations 76 and 83 . . . . . 827.2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 848 Flexibility in Brownian Dynamis simulation 878.1 Metropolis Monte Carlo algorithm . . . . . . . . . . . . . . . . 878.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 898.2.1 Implementation . . . . . . . . . . . . . . . . . . . . . . 908.2.2 Disussion and limitations . . . . . . . . . . . . . . . . 928.3 Appliation to the nuleosome and the linker histone . . . . . 938.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 999 Moleular Dynamis of the hromatosome partile 1019.1 MD setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1019.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1029.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10810 Conlusion and Outlook 111A Computation of the Brownian Dynamis fores and torques117Bibliography 120xii



1Introdution
The formation of biologial omplexes between proteins, proteins and smallmoleules, and proteins and nulei aids plays a part in many biologial pro-esses, inluding gene transription, ell signalling, enzyme atalysis and theimmune response. Moleular assoiation is governed by both the kineti andthe thermodynami properties of the moleules and the medium involved. In-side ells, the medium is rowded with a variety of di�erent maromoleules.In the ell nuleus, the DNA moleules ompat to highly ordered hromatinstrutures assembling a biologial network. Within this network, the DNAombines with other proteins and they together form omplexes alled nu-leosomes, whih in turn interat with eah other. The onformation andompation of the hromatin depend on the interations between the nu-leosomes as well as on the presene of other fators in�uening hromatinstruture and dynamis. One of these fators is the so-alled linker histoneprotein, a family of DNA binding proteins [1, 2℄, whih interats with thenuleosome and ontributes to the DNA ompation into 30 nm hromatin�ber [3℄. Although the onformational properties of DNA have been the sub-jet of intensive investigation, the physial struture of hromatin as well asof the nuleosome-linker histone omplex remains unknown. Not only thestrutural properties, but also the dynami features of hromatin and itsomponents are not fully understood.Chromatin and nuleosome strutures have been studied intensively invitro using di�erent experimental tehniques: x-ray rystallography [4, 5℄,fore probe experiments [6�8℄ and neutron sattering [9, 10℄. Other exper-imental tehniques fous more on the partiular interations and dynamiswithin hromatin. Some of the most relevant to this study are these using�uoresent proteins to trak and mark moleules of interest: Fluoresene Re-overy After Photobleahing (FRAP) [11, 12℄, Fluoresene (Förster) Res-onane Energy Transfer (FRET) [13℄ and Fluoresene Correlation Spe-trosopy (FCS) [14�16℄. For example, systemati mutagenesis ombined withFRAP in vivo revealed the binding geometry of the linker histone H10 within1



CHAPTER 1. INTRODUCTIONthe nuleosome in hromatin �ber [17℄. At a nuleosomal level FRET exper-iments have shown the importane of di�erent fators governing the inter-ations and dynamis within hromatin suh as linker histones [18℄, DNAunwinding [19, 20℄ and salt e�ets [21℄. Quantitative models of hromatinstruture and dynamis are essential for interpreting these experiments.Sine hromatin has features on di�erent time and length sales, a on-siderable number of theoretial models exist that aim to eluidate the drivingfores for hromatin ompation [22�25℄. However, the time sale in hro-matin �ber varies from pioseonds for a small number of atoms to minutesfor large biomoleules and onsiderable e�orts are needed to desribe allbiomoleular interations present. A way to takle this problem is to usephysial priniples ombined with omputational methods in order to trans-fer information between di�erent spatial and temporal sales. The maro-sopi properties of a partiular system are averaged over the mirosopievents. Computational modelling of these events is not always reasonablewhen pronouned biologial phenomena suh as DNA-protein binding, needto be desribed. For example, Moleular Dynamis (MD), a omputationaltehnique for simulating biomoleules in atomi detail, is restrited by thenumber of atoms in the system. The reason is that in MD the system issampled in phase spae taking into aount all lassial degrees of freedomsuh as bond strething and twisting, et. Elimination of the non-essentialdegrees of freedom an lead to faster sampling and, thus, high energy barrierson omplex biomoleular energy landsapes an be overome. One ompu-tational method negleting the expliit solvent degrees of freedom is alledBrownian Dynamis. It models the di�usional motion in the on�gurationalspae and an reah time sales of seonds depending on details of the modelapplied. An advantageous step towards improving the BD method wouldaount for �exible units modelled in atomi detail. In ase of highly dy-nami biologial systems as hromatin this an be an important issue forreproduing experimental onditions.An understanding of the linker histone protein dynamis in the forma-tion of a linker histone-nuleosome omplex is essential for the developmentof more robust hromatin models as well as for the linker histone biologi-al funtion. The binding dynamis of the linker histone to the nuleosomewas investigated experimentally [17, 26, 27℄ and theoretially [28�30℄. How-ever, these models and experimental data are not onsistent with eah otherproposing di�erent three-dimensional arrangements and interations of thelinker histone on the nuleosome. The binding of the linker histone and itsstoihiometry as well as the nuleosome repeat lengths1 in�uene hromatin1Nuleosome repeat length (NRL) is the total length of DNA wrapped around a nule-2



ompation leading to topologially distinguishable �bers [31℄. The basi unitof hromatin, the nuleosome, onsists of 147 base pairs (bp) of DNA [5℄ in theabsene of linker histone. When the linker histone is present the nuleosome-linker histone omplex ontains 167 bp of DNA [32℄ and a hromatosomepartile is formed. Due to the negatively and positively harged nuleosomeand linker histone, respetively, the latter failitates partially harge neutral-ization ontributing to the folding of 30 nm hromatin �ber [3℄. Therefore,preise knowledge of the hromatosome struture, whih has not been re-solved yet, is of major interest for the sienti� ommunity. In addition,in many biologial proesses, like DNA transription, repliation and repair,the proteins involved must quikly �nd their target site. The kinetis of suha proess are diretly in�uened by the level of DNA exposure and histonetail aetylation on the nuleosome [33℄. All these onsiderations are topisof the present study and they are takled by physis based omputationalsimulations and methods assessing di�erent time sales.This thesis aims at answering several important questions about nuleo-some linker histone interations:� what is the struture of the nuleosome-linker histone omplex?� what are the binding sites and position of the linker histone with respetto the nuleosome?� how is the binding a�eted by a replaement of amino aids with othersin the struture of the linker histone?� how fast does the linker histone bind to the nuleosome?� does nuleosome �exibility a�et the binding?� is the bound state stable?Thesis overviewThe present thesis is organized in 10 hapters. In Chap. 2 an overviewof basi physial theories is given. Statistial physis onepts as well asharateristis and determinants of a di�usional proess are outlined. Thekinetis and interations involved in the formation of bimoleular2 omplexesare desribed in detail.Chapter 3 introdues the system under investigation starting from thehigher-order hromatin �ber through the nuleosome and ending with theosome plus the DNA length onneting suessive nuleosomes.2Over the thesis the term 'bimoleular' will refer to two partiles, i.e. 'bipartile'.3



CHAPTER 1. INTRODUCTIONlinker histone struture. Available hromatin models in the literature arebrie�y mentioned.The omputational methods and tools used in the thesis are desribed inChap. 4. First, the Normal Mode Analysis (NMA) is presented by a modelalled Elasti Network Model (ENM) [34℄. Then, the Brownian Dynamisalgorithm is desribed in detail emphasizing spei� simulation issues. Also,a brief introdution on the priniples of Moleular Dynamis is given.Chapter 5 is the �rst hapter presenting results. Normal Mode Analy-sis and Brownian Dynamis doking of linker histone H5 to 13 nuleosomeonformations were arried out and the results are presented and disussed.Chapter 6, desribes the BD doking of wild type linker histone and 24linker histone mutants, i.e. amino aids with spei� residues replaed byothers. The e�et of these mutations on linker histone binding is disussedin detail.Results on the binding kinetis of the linker histone to the nuleosomeare presented in Chapter 7 and possible models for linker histone-nuleosomebinding are proposed.In Chapter 8 a new method aounting for moleular �exibility in Brow-nian Dynamis simulation is introdued. Results of its appliation to thenuleosome-linker histone system are shown as well.In Chapter 9, the nuleosome-linker histone enounter omplex is fur-ther re�ned to higher resolution with Moleular Dynamis simulation andpreliminary results are shown and disussed.A summary of the results is given in Chap. 10 and the relation of thiswork to the literature is brie�y disussed.
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2Theoretial Overview
2.1 Statistial physis in biologyBiologial siene is dealing with living matter and its properties an be de-sribed by the methods of statistial physis. Nowadays they are widely ap-plied to all kind of biologial problems, inluding small and large biomoleules,membranes and olloids. All these entities, within and outside the ell, arenot stati objets, but also dynami, performing their biologial funtions inaordane with the laws of physis. Below, the basi onepts of statistialmehanis will be given.2.1.1 Equilibrium statistial mehanisBiologial systems onsist of many atoms and moleules, whih interat witheah other and, thus, build a very ompliatedmarosopi system. In statis-tial physis, this marosopi system is not desribed by its time evolution,but rather by the instantaneous state of opies of the system having di�erentmirosopi parameters. Suh states are alled mirostates and this olle-tion of opies is known as a statistial ensemble [35℄. Eah ensemble givesthe probability of realization of the possible mirostates. Eah marostateis haraterized by marosopi physial observables, e.g. temperature T ,pressure P , after a suitable averaging proedure over the mirostates. Thisaveraging is alled ensemble averaging. If the time average of a physial ob-servable A, 〈A〉time is equal to its ensemble average 〈A〉ensemble then a systemful�lling this ondition is alled ergodi [36℄.Let a system be ergodi and desribed lassially by anonial oordinatesq and onjugate momenta p in phase spae. Then the probability of a ertainmirostate being in a volume dΓ = dqdp of the phase spae Γ is ρ(q,p)dΓ,where ρ(q,p) is the density distribution in the phase spae. Then for any5



CHAPTER 2. THEORETICAL OVERVIEWphysial observable A(q,p) is valid
〈A〉ensemble =

∫

Γ

A(q,p)ρ(q,p)dΓ ≡ 〈A〉time = lim
tobs→∞

1

tobs

∫ tobs

0

A(q,p, t)dt.
�
�

�
�2.1The time tobs desribes the observable time interval. When the density dis-tribution depends on the time, ρ(q,p, t), but there is no reation and anni-hilation of states in the phase spae, then Liouville's theorem holds [35℄. Itstates that the density distribution in the phase spae is onserved along anytrajetory and mathematially is expressed bydρ(q,p, t)dt =

∂ρ(q,p, t)

∂t
+ q̇ · ∇qρ(q,p, t) + ṗ · ∇pρ(q,p, t) = 0.

�
�

�
�2.2In Eq. 2.2, q̇ means di�erentiation with respet to time and ∇q and ∇pare the gradient operators ating over the oordinates q and momenta p,respetively.Physial observables are marosopi quantities, e.g. pressure P and vol-ume V , de�ning the marosopi system. Depending on the ontat of thesystem with the surroundings, di�erent statistial ensembles an be on-struted. For example, a anonial ensemble is oupled to a thermal bath(T = const) in a �xed volume (V = const) having onstant number of parti-les (N = const). Then a mirostate of the system an be haraterized bya Hamiltonian H(q,p) with probability

ρ(q,p) =
1

Z(T, V, N)
exp

(

−
H(q,p)

kBT

)

,
�
�

�
�2.3where kB is the Boltzmann onstant and Z(T, V, N) is the partition funtiongiven by

Z(T, V, N) =

∫

Γ

exp

(

−
H(q,p)

kBT

) dqdp
h3NN !

.
�
�

�
�2.4The fator 1/N ! takes into aount the indistinguishability of the partilesin the system, while 1/h3N is a orretion for the ase of ideal gas. Thepartition funtion Z(T, V, N) gives the total number of mirosopi stateswith T, V, N = const. The free energy of the system reads

F (T, V, N) = −kBT ln Z(T, V, N).
�
�

�
�2.5In suh a way, the marosopi properties of a physial system in thermalequilibrium an be haraterized by the statistial distributions for the di�er-ent ensembles. Important relation between the mirosopi and the maro-sopi state is the so-alled equipartition theorem [35℄

〈qi
∂H(q,p)

∂qi

〉ensemble = 〈pi
∂H(q,p)

∂pi

〉ensemble = kBT,
�
�

�
�2.66



2.2. BROWNIAN MOTIONstating that for every mirosopi degree of freedom, the orresponding en-ergy equals kBT/2.2.2 Brownian motionA partile immersed in a �uid experienes inherent and inessant motionalled Brownian motion. The name is in honour of Robert Brown, whoinvestigated the way in whih pollen ated during impregnation in 1827 andwas the �rst trying to give a sienti� explanation to his observations [37℄.Later the irregular nature of the motion was examined in other ases and itwas onluded that the smaller the size of the suspended objets, the greatertheir motions. This motion is aused by numerous ollisions between thesolute and the medium partiles. In most ases, the solute partile is muhheavier than the solvent partiles and upon an elasti ollision its veloityhange will be very small. On average it will not even be observable, butthe veloity �utuations lose to that average will have strong observablee�et. In order to desribe quantitatively these �utuations; Smoluhowskideveloped a kineti model for ollisions of hard spheres on a mirosopi sale(Se. 2.2.1), whereas Einstein based his model on statistial assumptions ona mesosopi level of detail (Se. 2.2.2) [38℄.2.2.1 Smoluhowski theoryIn his theory, Smoluhowski assumed that the heavy partiles do not ollidewith eah other and the interations with the solvent partiles are desribedby elasti ollisions. In liquid, a spherial partile with radius R will havea mean free path l ≪ R meaning that the ollisions of the light partileswith the heavy one are not independent events. Nevertheless, Smoluhowskimade an important assumption stating that the heavy partile moves like ona polymer hain1 with a mean free path 〈l〉 = 〈v〉τ resembling a gas partile.The time τ = m/ζ expresses the veloity relaxation time down to the meanveloity of the Brownian partile 〈v〉. The partile mass is denoted with m,while the solvent frition onstant is ζ . Then Smoluhowski inserted 〈l〉 inthe formula 〈r2〉 = 〈l2〉2/τ [39℄, where 〈r2〉 is the mean square displaementper unit time, and obtained
〈r2〉 =

2m〈v2〉

ζ
.

�
�

�
�2.71Smoluhowski did not use the de�nition of "a polymer hain" 7



CHAPTER 2. THEORETICAL OVERVIEWConsidering his alulations for a dilute system [38℄, Smoluhowski multipliedthe above equation by a fator of 8/3
√

2/3 and applying the Stoke's formulafor the frition onstant, ζ = 6πηR, the mean square displaement for time
t yielded

〈r2〉t =
64

81

2m〈v2〉

πηR
t =

64

81

6kBT

πηR
t.

�
�

�
�2.8The equipartition theorem was used for substituting the mean square veloity

〈v2〉 in Eq.(2.8), where T is the temperature of the system.2.2.2 Einstein theoryEinstein desribed the probability density p(r, t) of a solute moleule in a �uidbefore and after a given time step δt. After suh a time step the suspendedpartile will be displaed by a distane δr. During the displaement, thesolute will enounter a huge number of ollisions with the solvent moleulesleading to loss of memory for its initial position, i.e. the displaement willdepend only on its previous position. Thus, the probability distributionyields
p(r, t + δt) =

∫

p(r− δr, t)p′(δr, δt)dδr. �
�

�
�2.9The probability p′(δr, δt) gives the position of the partile after time δt andusing Fokker-Plank equation [38℄, the di�usion equation with a di�usiononstant D for the Brownian partile reads

∂p(r, t)
∂t

= lim
t→0

1

2δt

∫

∆2p′(δr, δt)dδr ∇2p(r, t) �
�

�
�2.10

D = lim
t→0

1

2δt

∫

∆2p′(δr, δt)dδr. �
�

�
�2.11Equation (2.10), if multiplied by r2 and integrated over the spae, gives thewell known Einstein equation

〈r2〉 = 6Dt.
�
�

�
�2.12In similar manner the root-mean-square angle 〈△θ2〉 for a spherial partilean be expressed by the rotational di�usion onstant DR. The di�usiononstants D and DR an be related to the solvent visosity η by the Stokes-Einstein relation

D =
kBT

ζ
=

kBT

6πηR
,

�
�

�
�2.13

DR =
kBT

ζR

=
kBT

8πηR3
,

�
�

�
�2.148



2.2. BROWNIAN MOTIONwhere ζR is the rotational frition onstant. Using this relation and theequipartition theorem one an ompare the Smoluhowski (Eq. 2.8) and Ein-stein (Eq. 2.12) mean square displaement 〈r2〉.2.2.3 Langevin and Smoluhowski equationsIn 1908 Langevin [40℄ ombined Einstein and Smoluhowski theories by tak-ing into aount the fore ating on the solute partile due to the presene ofsolvent moleules. He obtained an equation, whih is known as free Langevinequation
m
d2r(t)dt2 = −ζ

dr(t)dt + fR(t),
�
�

�
�2.15where m is the mass of the suspended partile, −ζ ṙ is a mean or fritionalfore and fR(t) is a �utuating or random fore. The former fore desribesthe solute motion dynamially while the latter desribes it in a probabilistiway. Assuming that the random fore fR has the properties

〈fR(t)〉 = 0

〈fR(t) · fR(t + δt)〉 = Cδ(δt)
�
�

�
�2.16

〈fR(t) · r(t − δt)〉 = 0

〈fR(t) · ṙ(t − δt)〉 = 0,i.e the random ollisions are instantaneous and unorrelated, the mean squaresolution of Eq. 2.15 yields
〈ṙ2〉 = ṙ2

0 exp

(

−2ζt

m

)

+
C

2mζ

[

1 − exp

(

−
2ζ

m
t

)]

.
�
�

�
�2.17If t → ∞, i.e. the partile veloity relaxes towards its equilibrium value,then with the usage of the equipartition theorem the �utuation-dissipationtheorem is obeyed

C

2mζ
= kBT.

�
�

�
�2.18Under this ondition the Einstein result for the mean square displaement isdedued (see Eq.( 2.12)). The �utuation-dissipation theorem links nonequi-librium to equilibrium proesses, but only when the system is not far fromthermal equilibrium. This means that the amplitudes C and ζ of the �u-tuating and dissipative fores, respetively, should satisfy a temperature-dependent relation. For a Brownian motion de�ned by Einstein's theory, the�utuations are aused by the thermal motions of the solvent moleules andthe inertia of the suspended partile is not taken into aount. Consequently,9



CHAPTER 2. THEORETICAL OVERVIEWEinstein desribes his theory in on�guration spae, i.e. only the positionaldistribution of the Brownian partile is followed. This is orret when the ve-loity relaxation time is muh faster than the time needed to reah positionalequilibrium, i.e. t ≫ m/ζ . Usually, experiments investigating di�usional mo-tion probe the proess in on�guration spae. The reason is that in densesystems, di�usion is quite slow, while veloity relaxation is rapid. Therefore,the ordinary di�usion equation (Eq. 2.10) should be an adequate desriptionexept at extremely short times.If there is an external fore F(r) ating on the Brownian partile, theLangevin equation reads
m
d2r(t)dt2 = −ζ

dr(t)dt + F(r) + fR(t).
�
�

�
�2.19Assuming that there is no aeleration Eq. (2.19) yields

0 = −ζ
dr(t)dt + F(r) + fR(t)ṙ =

F(r) + fR(t)

ζ
.

�
�

�
�2.20Using Fokker-Plank equation [38℄ one obtains for the distribution funtionan expression known as Smoluhowski equation

∂p(r, t)
∂t

= −
1

ζ

∂[F(r)p(r, t)]
∂r + D∇2p(r, t). �

�
�
�2.21This equation leads to the di�usion equation (Eq. 2.10) if no external foreF(r) is present. The urrent derivation of the Smoluhowski equation is notreally justi�ed, beause only on average there is no aeleration. However,sine the �nal result is orret and this is what we are interested in, we willnot disuss the rigorous derivation [38℄.2.3 Reation kinetisReation assoiation an be onsidered to onsist of two steps: �rst an in-termediate is formed by di�usion: this is alled a 'di�usional enounter om-plex'. Then this intermediate evolves to form a tightly bound omplex. As-soiation is di�usion-ontrolled when the �rst step is rate-limiting, and it isreation-ontrolled when the seond step determines the rate of the assoia-tion proess.10



2.3. REACTION KINETICSIf a moleule of type X forms a omplex Z with a moleule of type Ythen the rate of formation of speies Z and the rate of depletion of X aregiven by
νZ =

dCZ(r, t)
dt

, νX = −
dCX(r, t)

dt
,

�
�

�
�2.22where CZ(r, t) and CX(r, t) are the onentrations of the Z and X speies, re-spetively. This reation proess depends on the assoiation and dissoiationrate onstants kon and koff , respetively

X + Y
kon

⇄
koff

Z.
�
�

�
�2.23The reation �ux J(r, t) an be expressed via the rate onstant k by theequation

J(r, t) = kCm(r, t), �
�

�
�2.24where m denotes the order of a reation. For our ase we have

JZ(r, t) = koffCZ(r, t) �
�

�
�2.25

JX(r, t) = JY (r, t) = konCX(r, t)CY (r, t), �
�

�
�2.26where Eq. 2.25 desribes a �rst-order reation whereas binding is a seond-order proess (see Eq. 2.26). The rate onstants an be related to an equi-librium assoiation onstant

Ka =
kon

koff
.

�
�

�
�2.27The reiproal of Ka is the equilibrium dissoiation onstant Kd.Let moleules X and Y be uniform spheres having radii RX and RY ,respetively. If Y di�uses towards X then the proess is desribed by thedi�usion equation (Eq. 2.10)

∂CY (r, t)
∂t

= −DY ∇
2rCY (r, t), �

�
�
�2.28where DY is the di�usion onstant of the moleule Y . We assume that DYis spatially independent. If there is a steady state, i.e. the partile �ux isonserved, then

CY (r, t) = CY (r) �
�

�
�2.29

∇2rCY (r) = 0.
�
�

�
�2.30The solution of the above equation in spherial oordinates is given by

CY (r) = −
a

r
+ b,

�
�

�
�2.31where a and b are integration parameters. They an be determined applyingboundary onditions to the problem 11



CHAPTER 2. THEORETICAL OVERVIEW� CY (r → RX + RY ) = 0� CY (r → ∞) = CY (∞).For �ux through a spherial surfae using Eq. (2.26) an analytial solution ofthe di�usion-ontrolled assoiation onstant kon an be obtained for uniformspheres reating at a distane r = RX + RY [41℄
kon = 4πr(DX + DY),

�
�

�
�2.32where DX is the di�usion onstant for moleules of type X. Eq. 2.32 is validwhen there are no fores between the spheres. In the ase of interatingspheres using the Smoluhowski equation (Eq. 2.21), kon is given by [42℄

kon =
4π(DX + DY )
∫ ∞

r
eU(r)/kT

r2 dr ,
�
�

�
�2.33where U(r) is a entrosymmetri interation potential between the spheres.For more ompliated geometries and interation fores, numerial approahesare neessary to ompute assoiation rates (Se. 4.2.2) [43, 44℄.2.4 Small (thermal) �utuationsLet a system of N atoms be slightly perturbed from its equilibrium positionq0 as2 q = q0 + ξ,

�
�

�
�2.34where ξ is the displaement from q0. The potential energy V an be expandedaround the equilibrium position q0

V(q) = V(q0) +
N

∑

i=1

(

∂V

∂qi

)q0

ξi +
1

2

N
∑

i,j=1

(

∂2V

∂qi∂qj

)q0

ξiξj +

+
1

6

N
∑

i,j,k=1

(

∂3V

∂qi∂qj∂qk

)q0

ξiξjξk + . . . ,
�
�

�
�2.35where we an denote

F0 =

(

∂V

∂qi

)q0

= 0
�
�

�
�2.36

Kij =

(

∂2V

∂qi∂qj

)q0

�
�

�
�2.37

Υijk =

(

∂3V

∂qi∂qj∂qk

)q0

.
�
�

�
�2.382For larity the index i in q0

i
for atom i is omitted.12



2.4. SMALL (THERMAL) FLUCTUATIONSThe total fore ating on the system an be expressed byF(q) = −∇qV(q) = −Kξ −
1

2
Υξ2.

�
�

�
�2.39When the displaement ξ is very small, then the potential energy V an beapproximated to its seond term and the higher-order terms an be negleted.In this ase the fore F(q) = −Kξ is alled quasi elasti or elasti. Thepotential energy is desribed by harmoni potential and the kineti energy isgiven by

T =
1

2

N
∑

i,j=1

Mij ξ̇iξ̇j.
�
�

�
�2.40Both matries, Kij and Mij, are real and symmetri, i.e. Kij = Kji. Thesystem an be desribed by N equations of motion around the equilibriumposition

∑

j

Mij ξ̈j +
∑

j

Kijξj = 0,
�
�

�
�2.41where M and K are the mass and fore matries of the system, respetively.The solution of Eq. (2.41) an be given by ξj = aj exp (−iωt), where aj and

ω are the amplitude and angular frequeny of the motion, respetively. In amatrix-vetor form, Eq. (2.41) an be represented by an eigenvalue problem
KA = ΛMA

�
�

�
�2.42

A†MA = I,
�
�

�
�2.43where I is the identity matrix, Λ gives the eigenfrequenies λ = ω2 and Ais the eigenvetor orthogonal matrix, whih ensures that K is diagonalized.These eigenmodes are often alled normal modes of the system and are re-lated to the oordinates ξ by the relation Q = A†ξ. In the new normaloordinates, Q, the potential and kineti energies are expressed by

Vk(Q) =
1

2

N
∑

k=1

ω2
kQ

2
k,

�
�

�
�2.44

Tk(Q) =
1

2

N
∑

k=1

Q̇2
k.

�
�

�
�2.4513



CHAPTER 2. THEORETICAL OVERVIEW2.5 Dynamis of Biomoleular Assoiation2.5.1 Bimoleular AssoiationIn the ellular environment, two biomoleules an bind by di�using towardseah other. Ative transport proesses may also ontribute to binding butthese will not be disussed here. Considering assoiation as a two-step pro-ess, whih entails an intermediate alled 'di�usional enounter omplex' anda �nal state of the bound omplex, two ways of desribing the reation anbe adopted. When the assoiation rate is determined by the formation of anintermediate omplex, this reation is alled di�usion-ontrolled, otherwise -reation-ontrolled. In Setion (2.3) the di�usion-ontrolled assoiation ratewas derived.Di�usional Enounter omplexThe haraterization of the di�usional enounter omplex is of high impor-tane for protein and nulei aid design studies aimed at altering the as-soiation kinetis. In the ase of di�usion-ontrolled proesses, formation ofthe enounter omplex determines the bimoleular di�usional rate onstant.The rate of di�usional assoiation has an upper limit: a reation between twomoleules annot be faster than their rate of ollision. This limit is around
109 M−1s−1 for uniformly reative spheres of typial maromoleular size [41℄in aqueous solvent with no fores between them.As a rule, a random ollision of two moleules does not result in binding -a freely di�using moleule X must ome lose to its binding path on a targetmoleule Y in order to form a di�usional enounter omplex. Geometrially,this omplex an be viewed as an ensemble of on�gurations able to evolveto the bound state.During a single enounter, the two moleules have time to undergo sub-stantial rotational reorientation while remaining trapped in the viinity ofeah other and undergoing multiple ollisions. This e�et is known as a"di�usive entrapment". A omputational tehnique, alled Brownian Dy-namis (BD) (see Se. 4.2), was used by Northrup et el. [45℄ to model twonon-interating spheres of the size of small proteins, whih showed about 400times larger assoiation rate (2×106 M−1s−1), attributed to the di�usive en-trapment e�et, than the rate alulated by a simple geometri orretion ofthe Smoluhowski rate onsidering two ontats as the riterion for binding(1×104 M−1s−1). An assoiation rate onstant of about 106 M−1s−1 is typialof protein-protein pairs that bind without strong eletrostati interations.Attrative eletrostati fores an lead to enhanement of the rates to values14



2.5. DYNAMICS OF BIOMOLECULAR ASSOCIATIONvery lose to the Smoluhowski rate.Bound ComplexOne the enounter omplex has formed, the biomoleules must reorient withrespet to eah other to form a fully bound omplex. They may also undergohanges in onformation and indued �t in order to ahieve a bound om-plex. Within the omplex, the biomoleules are held together by lose-rangenonovalent interations suh as salt bridges, hydrogen bonds and van derWaals interations. These interations depend on the hemial nature of theinterating groups of both moleules as well as on their spatial arrangementand an be mediated by individual water moleules. A biomoleule an haveone or several binding sites stabilizing the omplex. A subtle hange in thebinding site an hange the binding mode signi�antly. Therefore, biologialassoiations are dependent on the struture of both moleules and an behighly spei�.2.5.2 Moleular interationThe interations between biomoleules vary in strength, type and soure.Therefore, a wide spetrum of di�erent fores ontribute to omplex forma-tion [46℄. Here, we will disuss only the eletrostati, hydrodynami andhydrophobi interations sine their ontribution to the kinetis of bimole-ular assoiation is shown to be onsiderable. We desribe well-establishedmethods for modelling these interations.EletrostatisEletrostati interations are important for bimoleular assoiation beausethey are relatively long range interations and may therefore guide the as-soiation proess by means of attrative and repulsive interations. Theirimportane is shown by the dependene of assoiation rate on ioni strengthand the generally muh greater in�uene on the assoiation rate of mutationsof harged than of neutral amino aids.The biologial entities in the ell are surrounded by ions, whih sreenthe eletrostati interations between the speies. One way to aount forthe ions is to ompute the moleular eletrostati potential ϕ(r) using thenonlinear Poisson-Boltzmann equation
−∇ · ǫ(r)∇ϕ(r) = ρ(r) +

∑

i

qini exp

(

−
qiϕ(r)
kBT

)

,
�
�

�
�2.4615



CHAPTER 2. THEORETICAL OVERVIEWwhere ǫ(r) is the position dependent dieletri permittivity, ρ(r) is the mole-ular harge density, qi and ni are the harge and the onentration of the
i-th ioni speies in the bulk, respetively. The above equation an be ap-proximated by the linear Poisson-Boltzmann equation if the exponential isexpanded as a Taylor series

−∇ · ǫ(r)∇ϕ(r) + ǫκ2ϕ = ρ(r), �
�

�
�2.47where κ is the Debye-Hükel sreening length related to the ioni strength Iby

κ2 =
2Ie2

kBTǫ
I =

∑

i

1

2

q2
i

e2
ni.

�
�

�
�2.48Equation (2.46) and Eq. (2.47) are used in studies of interations betweenmaromoleules in ontinuous media, i.e. media for whih water moleulesand ions are not modelled expliitly.When two moleules approah eah other in an aqueous solvent, an ele-trostati desolvation e�et arises due to the lower dieletri onstant of thesolute ompared to that of the solvent. Charges loated on the bimoleu-lar omplex interfae beome desolvated upon omplex formation and thisresults in unfavourable eletrostati energy hanges. This desolvation e�etbeomes signi�ant at short distanes and is mainly dependent on the loa-tion and magnitude of the harged groups.HydrodynamisHydrodynami interations between moleules are aused by the �ow of sol-vent due to their mutual motions. Depending on the struture and shapeof the moleules, these interations an be either attrative or repulsive.To model them, one usually represents the di�usion oe�ient as a tensordesribing the properties of the solute and the media [47℄. Another rep-resentation uses a mean �eld approah for hydrodynami interations withthe di�usion oe�ient depending on a loal volume fration of a systemmimiking maromoleular rowding [48℄.HydrophobiityThe hydrophobi e�et results in favourable interations between two maro-moleules in aqueous solvent. The reason for this is that the nonpolar groupson the surfae of the moleules an avoid interation with polar groups ormoleules (water) by forming a omplex. This is aused by the fat that thewater moleules are orientationally restrited by the presene of the nonpo-lar speies, and this leads to an entropy derease. Furthermore, the presene16



2.5. DYNAMICS OF BIOMOLECULAR ASSOCIATIONof the nonpolar speies a�ets the ability of the water moleules to makehydrogen bonds. The hydrophobi fore is temperature dependent and it isentropy driven only at low to room temperatures. At higher temperatures,the enthalpi ontributions beome signi�ant [49, 50℄. Although, a gener-alized theory desribing the hydrophobi fores does not exist, hydrophobiinterations an be modeled by inorporating a solvent aessible surfae areaterm in the Gibb's free energy [51℄ or using a hydrophobi potential of meanfore [52℄.
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3Chromatin Fiber
3.1 Struture and biologial funtion3.1.1 ChromatinThe DNA, the information ode arrier, is situated within the ell nuleusin eukaryoti organisms1. The organization of the genome in the ell is gov-erned to a large extent by the interplay of mehanial deformability of DNAwith its struture at di�erent length sales (see Fig. 3.1) [3, 53℄. The doublehelix DNA moleule wraps around four dimeri proteins (H2A, H2B, H3, H4)alled histones and forms a struture named nuleosome (Fig. 3.1). The hi-stones and nuleosome are also referred in the literature as histone ore andnuleosome ore partile (NCP), respetively. The "bead-hain" strutureof nuleosomes spaed regularly on DNA will ompat into a higher orderstruture under physiologial onditions leading to a �ber-like struture witha diameter of approximately 30 nm, the so-alled '30-nm hromatin �ber' [54℄,whih plays an important role in the biomoleular mahinery [55℄. However,its struture and dynamis are still obsure and matter of ontinuous exper-imental and theoretial investigations. There exist two strutural models ofhromatin �ber, the one-start (solenoid) [56℄ and the two-start (zig-zag) [4℄hromatin strutures. In the one-start model the suessive nuleosomes areonneted via bent DNA and, thus, form a solenoid-like struture. The two-start helix model orresponds to the rystal struture of the tetranuleosome(four nuleosomes) (Fig. 3.2), where the neighbouring nuleosome are linkedby a straight DNA in a zig-zag fashion. In this way, for the nuleosome num-bered n, the losest neighbour is with a number n ± 2. In addition to thehistone ore, it is also known that there exists another protein belonging tothe histone family [1, 2, 57℄ alled linker histone (oloured green in Fig. 3.1).It is usually denoted as H5 or H1 and it ontributes to the ompation of1The eukaryotes have a nuleus in the ell. 19



CHAPTER 3. CHROMATIN FIBER

Figure 3.1: Shemati struture of hromatin �ber.
DNA in hromatin �ber. Sine DNA is highly negatively harged moleuledue to the phosphate groups on the bakbone, it is hard to ahieve suhompation without the presene of positively harged speies. All the his-tones arry net positive harge, whih might ontribute to the higher-orderstruture of hromatin. Monovalent, divalent ions and histone tails have alsobeen onsidered to ontribute to hromatin ompation [58℄. The mehanismof hromatin remodelling, opening and losing of the struture during tran-sription, and many other biologial proesses related to the higher orderstruture of the genome annot be understood without fundamental knowl-edge of the arrangement of nuleosomes and DNA in the hromatin �ber andits variations during di�erent physiologial states of the ell.20



3.1. STRUCTURE AND BIOLOGICAL FUNCTION

Figure 3.2: X-ray rystal struture of the tetranuleosome resolved at 9 Å reso-lution [4℄.3.1.2 NuleosomeThe determination of the nuleosome struture to a resolution of 1.9 Å [5℄ hasgreatly ontributed to our understanding of possible mehanisms of DNA-histone binding, nuleosome repositioning and the formation of higher-orderhromatin strutures. The DNA wrapped around the histone ore onsistsof 147 base pairs (bp)2 and varies from 150 to 250 bp [59℄ depending howfar away the next nuleosome is. The existene of di�erent hromatin �bermodels implies that the DNA variation is not only in length, but also inonformation. Eah histone in the histone ore has a long, mobile and basiN-terminal tail extending out of the main body of the nuleosome. Partiu-larly, the H3 and H4 tails are loated at the ends of DNA (linker DNAs) onthe nuleosome. The nuleosome has been a subjet of extensive theoretialand omputational modelling trying to shed light on its struture [60�62℄,dynamis [62�65℄ and energetis [66�68℄ and relate them to the formation ofhromatin �ber. It has been modelled as a ylinder, sphere, ellipsoid, et.with a radius of around 50-60 Å and with di�erent DNA lengths. However,only reently, it beame evident that the linker histone is one of the majordeterminants for folding of hromatin �ber [69℄.2Base pair is the term referring to two onneted nuleotides (A, G, T, C) in the doublehelix DNA (1 bp = 3.4 Å along the DNA strand). 21



CHAPTER 3. CHROMATIN FIBER3.1.3 Linker histone and its role in hromatinThe importane of the linker histone-nuleosome interations in the biologialfuntion of DNA suh as its transription and repliation, has already beenshown [70℄. However, the lak of knowledge how the linker histone binds tothe nuleosome and where exatly makes it di�ult to understand the properstruture and funtion of hromatin �ber. Experimental studies [32, 71℄ haveshown that the linker histone forms a stem struture with the nuleosomeand binds between the linker DNAs lose to a point on the nuleosomal DNAalled dyad point. Sine the rystal struture of the hromatosome partile isstill not resolved, a variety of speulative and ontroversial ideas about theomplex are proposed in the literature. Some of them will be disussed indetail in the next hapters.Globular domain of linker histone H5 (GH5)Eah protein is built of amino aids (residues) whih are 20 in nature. De-pending on their sequene, di�erent protein strutures an be formed. The X-ray rystal struture of the globular domain of the linker histone H5 (GH5)3has been obtained [72℄ (Fig. 3.3). It has three α helies, two β strands andthree loop regions onsisting of 74 residues (see Fig. 3.3). On the surfae ofthe GH5 there are 12 residues (Lys and Arg), whih are positively hargedand ontribute to the overall positive potential of the linker histone. In ad-dition, there are 10 hydrophobi residues (Val, Ala, Leu) positioned on thesurfae as well. Hydrophobi residues are eletrostatially neutral and theyontribute to protein stability mainly by forming ontats with eah other inthe protein interior. The struture of the linker histones, in addition to theglobular domain, is also omposed of a long and basi C-terminal domain(more than 100 residues) and a short N-terminal tail [73℄. It has been shownthat the C-terminal domain is ruial for H1-linker DNA binding and forstabilizing hromatin �ber [74, 75℄. However, this domain is unstruturedat physiologial ioni strengths and therefore di�ult to rystallize. The C-terminal domain will not be used in this study, but possible impliations onthe GH5-nuleosome interations will be disussed.Linker histone modelsThe ontribution of the linker histone to the nuleosome-nuleosome inter-ations as well as to the higher order folding of hromatin �ber has beeninvestigated theoretially [22, 24, 28�30, 58, 76�80℄ and experimentally [6,3The resolved X-ray rystal struture is a dimer, here only hain B is used22



3.1. STRUCTURE AND BIOLOGICAL FUNCTION

Figure 3.3: X-ray rystal struture of the GH5 at 2.3 Å resolution [72℄. Thepositive (left) and hydrophobi (right) residues on the surfae of the GH5 aredepited. The labels α1, α2 and α3 denote the alpha helies.8, 17, 18, 21, 27, 31, 32, 56, 58, 71, 81�96℄. Most of the experimental workpoints to a formation of a linker histone-nuleosome omplex with a linkerhistone loated between the linker DNAs of the nuleosome. It is believedthat the globular domain of the linker histone ontats diretly the nule-osomal DNA, while the C-terminal domain ats as a bridge between thelinker DNAs [70℄. The exat position of the GH5 on the nuleosome has notbeen determined experimentally, but atomi detail theoretial models haveattempted to resolve this issue [28, 29℄. However, the studies are not onsis-tent with eah other, proposing from two to three binding sites on the GH5,di�erent orientations of the protein with respet to the nuleosome, di�erentresidues partiipating in the binding proess as well as a unlear role of thelinker histone on the DNA aessibility. Next hapters will address theseissues and the results obtained will be related and ompared to the alreadyexisting models.
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4Computational Methods for StudyingBiomoleular Dynamis andInterations
Biologial systems onsist of a huge number of interating atoms and inorder to desribe their dynamis aurately one has to solve the equations ofmotion analytially taking into aount the individual nature of eah atom.Suh a alulation is not an easy task and in ertain ases it is impossibleto be arried out. However, with the development of the omputer powerit beame evident that the equations of motion for many partile systeman be solved instantaneously on a omputer. A method alled MoleularDynamis (Se. 4.3) integrates numerially the equations of motion for allatoms and, thus, the phase spae trajetory of a system an be followedfor a ertain time. This time is highly dependent on the system size andsometimes it is not su�ient to desribe interesting phenomena ourringon longer time sales. On the other hand, another method alled BrownianDynamis (Se. 4.2) an reah muh longer time sales, beause it does nottake into aount the motions of the solvent partiles, but only the motionsof the solute objet under interest. In addition, Normal Mode Analysis is amethod assessing the moleular dynamis by representing the moleule as aset of oupled harmoni osillators, eah of them desribing an independentnormal mode.Consequently, the omputational methods serve as a link between phys-ial theory and experiment and their e�ieny is dependent on the avail-able omputer power and on the model employed. In a perfet situationone would just desribe quantum mehanially even extremely large systemsand then perform omputational simulations to follow their dynamis. Evenwithin the reent omputer advanes suh simulations would need hundredsof years omputational time. Therefore, most of the omputational methodsare approximate to a ertain extent. 25



CHAPTER 4. COMPUTATIONAL METHODS FOR STUDYINGBIOMOLECULAR DYNAMICS AND INTERACTIONS4.1 Normal Mode AnalysisNormal Mode Analysis is a tehnique whih is used for studying the slowestmotions in dynamial systems. It is based on the theory of small �utuationslike the lattie vibrations in solid state physis and was already introduedin the Se. 2.4.4.1.1 Elasti Network ModelThe normal modes (eigenvetors) and their assoiated frequenies (eigenval-ues) are obtained by the seond derivative matrix (Hessian) (Eq. (2.37)) ofthe potential energy of a given struture around a loal minimum. A modelalled Elasti Network Model (ENM) represents the energy landsape by aharmoni potential in a way that the atoms in the struture are onnetedvia springs within a ertain uto� C [34℄. Then, the potential energy is givenby
V(rij) =

∑all pairs i,j

k(r0
ij)(|rij | − r0

ij |)
2,

�
�

�
�4.1where r0

ij is the pair distane between atom i and j in the equilibrium on-formation. The fore onstant k(r0
ij) is modelled to derease exponentiallywith the distane [97℄

k(r0
ij) = kin exp

(

−
|r02

ij |

d2
0

)

,
�
�

�
�4.2where d0 is a �xed parameter in Å and kin is the input fore onstant.Usually the atomi Cartesian oordinates and the Hessian matrix aremass-weighted before the eigenvalue problem is applied (see Eq. 2.42). Thenormal mode vetors Q are related to the temperature by their amplitude ϑas

ϑ2ω2 = 2kBT.
�
�

�
�4.3In ase of a biologial maromoleule with N atoms, the Hessian matrix willbe 3N × 3N matrix, i.e. there will be 3N normal modes (vetors). Theyrepresent only a diretion of movement rather than absolute value for thedisplaement. The low normal modes with small ω desribe large-amplitudemotions and they are of partiular interest in protein and nulei aid dynam-is. The advantage of using the ENM is that for short omputational time itan give a reasonable sampling of biomoleular dynamis on the on�gura-tion spae. However, the ENM does not take into aount solvent dampingand anharmoni e�ets, whih might be ruial for the system's dynamis.26



4.2. BROWNIAN DYNAMICS4.2 Brownian DynamisIn the Brownian Dynamis (BD) method disussed in this study, the dif-fusional motion is treated with a partile-based approah, where the solutemoleules are plaed in a ontinuum medium desribing aqueous environ-ment. The solutes are represented by all-atom strutures keeping only sixdegrees of freedom - translation and rotation.4.2.1 Ermak-MCammon algorithmA method for modelling the interation and dynamis between Brownianpartiles was proposed by Ermak and MCammon [47℄. Instead of integratingNewton's or Hamilton's equations for the system, Ermak and MCammonused the Langevin equation (Eq. 2.19) for the Brownian partiles assumingthat the time sales for the momentum and position relaxations are wellseparated [47℄. The di�usive displaement r after a ertain time step ∆t1was derived2 and the translational omponent readsr = r0 +
D

kBT
F(r0)∆t +R(∆t),

�
�

�
�4.4where r0 is the position before the time step ∆t, F(r0) is the systematifore ating on the moleule and R(∆t) is a random displaement with aGaussian distribution suh that 〈R〉 = 0 and 〈R2〉 = 6D∆t. The rotationaldisplaement θ is omputed as

θ = θ0 +
DR

kBT
T(θ0)∆t + Θ(∆t),

�
�

�
�4.5where θ0 is the rotation angle before ∆t, T(θ0) is the torque and Θ(∆t) isa random rotational angle satisfying 〈Θ〉 = 0 and 〈Θ2〉 = 6DR∆t. Equa-tion 4.4 and Eq. 4.5 imply that the Brownian partiles have to be desribed asrigid bodies rather than objets with �exible units. In ase of biomoleules,this redution of degrees of freedom 'freezes' global strutural hanges, as sidehains movements, aompanying the di�usional motion. All-atom �exibilityis not taken into aount in the Ermak-MCammon BD algorithm.1∆t should ful�l ∆t ≫ mD/kBT2In the original derivation the di�usion D and the frition ζ have been treated in atensor form due to the hydrodynami interations. Here, it is assumed that both areonstants. For a omplete derivation see Ref. [47℄. 27



CHAPTER 4. COMPUTATIONAL METHODS FOR STUDYINGBIOMOLECULAR DYNAMICS AND INTERACTIONS4.2.2 Simulation of di�usional assoiationWhen two biomoleules di�use freely in an ambient medium they an at-trat eah other and form an enounter omplex (Se. 2.5.1). The stabilityof this favourable state will depend on the interation energy between bothmoleules. In addition, the formation of the di�usional enounter omplexwill be also governed by the kinetis of both approahing moleules. Brown-ian dynamis simulations an reveal these aspets of biomoleular di�usion.A program alled Simulation of Di�usional Assoiation (SDA) [98℄ has beendeveloped in order to address these issues.Enounter omplexesStrutural and energeti knowledge of the di�usional enounter omplexesan be very important for �nding out how the biomoleules funtion andwhere their binding pathes are. A version of SDA, alled SDAC, has beendeveloped for these purposes. It is based on a doking proedure between thebiomoleules under interest. Using the Ermak-MCammon algorithm, one ofthe moleules (moleule 2) is plaed on a surfae b (see Fig. 4.1) around theother moleule (moleule 1) and a trajetory is initiated. At this distane bthe fores between them are negligible or entrosymmetri. Eah trajetoryis started from a randomly hosen position and orientation on the 'b surfae'.The trajetory is trunated when the moleule 2 reahes a separation c (atthe 'c surfae'). The translational di�usion onstant D in Eq. (4.4) is therelative di�usion onstant D = D1 + D2 for both partiles (denoted 1 and
2). It is assumed to be spatially independent and D and DR are givenby the Stokes-Einstein relation (see Eq. 2.13). An enounter omplex isreorded if the enter-to-enter distane between both biomoleules satis�esprede�ned onstraints. These onstraints an be based on any experimentalor biohemial data. In addition to the strutural information, the interationenergy is reorded as well. From the ensemble of omplexes many featuresabout the mutual interations and binding modes an be extrated as wellas possible bound omplexes predited. The two binding partners an bemodeled in atomi detail using, for example, X-ray resolved rystal strutures(from Protein Data Bank3 (PDB)).Assoiation ratesThe bimaromoleular omplexes have di�erent properties depending on themoleules involved. Some an bind quikly while others bind slowly and3URL: http://www.rsb.org28



4.2. BROWNIAN DYNAMICS

Figure 4.1: Shemati piture of the system simulated by Brownian Dynamis.The trajetory starts at the b surfae and a omplex is reorded if the seondmoleule enters the onstrained region. The trajetory is trunated when moleule2 (GH5) passes the c surfae.
29



CHAPTER 4. COMPUTATIONAL METHODS FOR STUDYINGBIOMOLECULAR DYNAMICS AND INTERACTIONSweakly. The most ommonly used formalism for alulating bimoleular asso-iation rate onstants is known as the Northrup-Alison-MCammon (NAM)method [99℄. It is assumed that the rate onstant for the approah of twomoleules to a separation b at whih the fores between them are negligibleor entrosymmetri is given by the analytial Smoluhowski expression [41℄(Eq. 2.32), with r = b

kon(b) = 4πbD,
�
�

�
�4.6

kon(b) =
4πD

∫ ∞

b
eU(r)/kT

r2 dr . �
�

�
�4.7Equation 4.6 and Eq. 4.7 yield the assoiation rate onstant for noninter-ating and interating moleules, respetively. By generating thousands oftrajetories and monitoring those that ful�l riteria for forming an enounteromplex, the probability of reation, β, an be obtained, and thus, the asso-iation rate onstant kBD

on alulated as
kBD

on = kon(b)
β

1 − (1 − β)kon(b)
kon(c)

.
�
�

�
�4.8In the equation above the kon(b) is given by Eq. 4.6 when the interationsat distane b are negligible. The trajetories are handled as desribed inSe. Enounter Complexes. The quanti�ation of the enounter omplex,whih is ruial for determining the assoiation rates, is of major importane.In SDA, three di�erent models (labelled 1, 2 and 3) de�ning a reation ri-terion are implemented, but here only the one used in the simulations (3)will be disussed. The models are based on monitoring the polar atom-atomdistanes between the biomoleules during simulation within initially spei-�ed distane windows. These donor-aeptor ontats are any pair of atomsformed in the experimentally determined bound omplex of both moleules.The pairs taken into aount are only those separated by a spei� distane

dpairs (between an atom on moleule 1 to an atom on moleule 2). Usuallythis distane is dpairs ∼ 5−6 Å. A list of the potential pairs is reated and inmodel 3 the number of possible ontats is restrited to the pairs separatedby a distane dind. This means that if any two atoms on the same moleuleform two pairs with other two atoms on the other moleule, then these on-tats are ounted as two if the distane between the former atoms is greaterthan dind, i.e. then the pairs are independent. Otherwise, only one ontat isassumed. In suh a way only the independent ontats are monitored duringsimulation. Normally, the independent distane is hosen to be around 6 Ådepending on the size and struture of both moleules. In the output the30



4.2. BROWNIAN DYNAMICSassoiation rates for forming 1, 2, 3 and 4 ontats are reorded for eahwindow distane. However, a trajetory an be ounted as 'reative' if atleast two of the native polar ontats of the fully bound omplex are formed.These ontats are looser than in the bound omplex sine the omplex ispartially desolvated and this is onsidered by the distane dpairs. The proe-dure desribed has been implemented in the program (SDA) [98℄, whih isonstantly under development.ForesCurrently, the SDA program uses eletrostati, eletrostati desolvation, hy-drophobi desolvation and exlusion fores (torques) for modelling bimole-ular interations. Among them only the eletrostati fores are long-rangedand therefore they are of high importane for the formation of di�usionalenounter omplex. The fore is given byF(r) = −
∂(∆Gtotal)

∂r
,

�
�

�
�4.9where ∆Gtotal is the total interation energy between the moleules and isexpressed by

∆Gtotal = ∆Gelec + ∆Geldesolv + ∆Ghyddesolv.
�
�

�
�4.10The �rst term ∆Gelec in Eq. 4.10 is the eletrostati interation energy, theseond term ∆Geldesolv gives the eletrostati desolvation interation energyand the third term ∆Ghyddesolv desribes the hydrophobi interation be-tween the biomoleules. The exat form of the eletrostati terms, whihplay an important role in the nuleosome-linker histone interations, will begiven below. All the fores are modelled on a 3-dimensional grid, whih en-ompasses both biomoleules, and at eah Brownian step the fore betweenthe moleules is omputed as a �nite-di�erene derivative of the interationenergy given in Eq. 4.10. The size of the grids depend on the size of themoleules as well as on the goal of the simulation.Eletrostati fores The long-range eletrostati fores are omputed bysolving numerially the Poisson-Boltzmann equation (see Eq.2.46) on a grid.There exist several numerial methods for solving this equation on a ubi3D grid like the �nite di�erene and multigrid methods [100℄. The PB equa-tion is solved after de�ning a dieletri boundary between the solute andthe solvent and hoosing a suitable dieletri onstants of the biomoleuleand solvent. The temperature is set and the ioni strength of the solvent is31



CHAPTER 4. COMPUTATIONAL METHODS FOR STUDYINGBIOMOLECULAR DYNAMICS AND INTERACTIONSmodelled impliitly assuming a Boltzmann distribution of ions. In the alu-lation the partial atomi harges of the biomoleule are used. Two softwarepakages were used for performing the alulations, the Adaptive PoissonBoltzmann Solver (APBS) [101℄ and the University of Houston BrownianDynamis (UHBD) [102℄. At eah grid point on the 3D ubi lattie mappedon the biomoleule a value of the Poisson-Boltzmann eletrostati potential
ϕ(r) is assigned (see Fig. A.1). In this thesis the eletrostati potential wasomputed using the nonlinear PB equation (Eq. 2.46).E�etive harges for maromoleules In the BD algorithm, thefores are omputed at eah step, but evaluation of the eletrostati inter-moleular potentials required for the fores, is omputationally expensive.The reason is the huge number of atomi harges on the biomoleules, whihmight restrit the dynamis to several steps. In simulating long di�usionalproess this is not bene�ial. This problem has been overome by represent-ing the seond protein by a set of e�etive harges in a uniform medium [103℄.The idea is as follows: point atomi harges inside a moleule are imagedthrough its dieletri boundary and, thus, image harges are reated. Theseimage harges are responsible for the eletrostati potential reated insidethe moleule and, in opposite, the external eletrostati potential an be de-termined by the image harges plaed inside the moleule. In this way thee�etive harges are these image harges reating the external eletrostatipotential. The eletrostati potentials ϕ1(r) and ϕ2(r) of moleule 1 and2, respetively, an be solved by the Poisson-Boltzmann equation (Eq. 2.46)and the eletrostati interation energy reads

∆Gelec =
1

2

∑

i

qeff
i1 (r)ϕ2(r) +

1

2

∑

j

qeff
j2 (r)ϕ1(r), �

�
�
�4.11where qeff

1 (r) and qeff
2 (r) are the e�etive harges �tted to the eletrostatipotentials ϕ1(r) and ϕ2(r) of moleule 1 and 2, respetively. The summationin Eq. 4.11 is arried out over all e�etive harges in the moleules. The�tting proedure is performed in a shell within a spei�ed distane aroundthe moleule [103℄. In SDA4C only the seond term multiplied by two inEq. 4.11 is onsidered, i.e. the e�etive harges of moleule 2, qeff

2 (r), moveon a three dimensional grid of the eletrostati potential of moleule 1, ϕ1(r).This onsideration is aurate as long as avity penalties at short distanesfor both biomoleules are not taken into aount. Then two additional termsome into the interation energy and an approximation of suh interationwill be disussed in the next paragraph.The e�etive harges are plaed on the arboxylate oxygen atoms ofAsp, Glu and C-terminus, on the amino nytrogen atoms of Lys, Arg and32



4.2. BROWNIAN DYNAMICSN-terminus in the histone proteins as well as on the P atoms of DNA bak-bone in the nuleosome.Eletrostati desolvation fores. Unfavourable eletrostati desolvatione�ets our at short distanes due to the displaement of a water layerin lose proximity to the surfaes of the biomoleules. The eletrostatidesolvation interation energy is omputed using an approximation givenby [104℄
∆Geldesolv =

∑
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2 (r) +
∑
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�4.12
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�
�4.13where in Eq. 4.13 εs and εm are the solvent's and solute moleule's dieletrionstants, respetively, qeff

i1 (r) is the i-th e�etive harge on moleule 1, aj isthe dieletri avity radius of j-th atom on moleule 2 and rij is the distanebetween them. The Debye-Hükel parameter is κ, α is a saling fator andthe seond term in Eq. 4.12 is omputed as ∆Geldesolv
1 (Eq. 4.13) for all pairsof e�etive harges on moleule 2, qeff

j2 (r), and the orresponding eletrostatidesolvation potential grid points for moleule 1, ϕeldesolv
1 (r). The eletrostatidesolvation potentials were also omputed on a 3D ubi lattie enompassingthe rystal strutures of the biomoleules.In this thesis, eletrostati desolvation was not used in the BD dok-ing simulations, beause we aimed at obtaining a tight di�usional enounteromplex between the nuleosome and the linker histone. However, for thealulation of the assoiation rates the usage of ∆Geldesolv was neessary. De-tails on the omputation of the eletrostati fores are given in Appendix A.Hydrophobi desolvation fores. These fores are short range favourablefores aused by the attrative interations between nonpolar surfaes. Sim-ulations with these fores were not arried out due to the muh strongereletrostati attrative interation in the linker histone-nuleosome reogni-tion proess. Details on the potential used have been already reported [105℄.Exlusion fores. To avoid overlaps between both moleules an exlusiongrid is assigned on the �rst moleule based on the van der Waals atom radii.33



CHAPTER 4. COMPUTATIONAL METHODS FOR STUDYINGBIOMOLECULAR DYNAMICS AND INTERACTIONSIf a step results in an overlap then the step is repeated with a di�erentrandom number.The software pakage SDA has two versions, 4 and 5. In version 4, namedSDA4, hydrophobi desolvation interations are not inluded as well as aslightly di�erent treatment of the rotation-translational proedure betweenthe SDA4 and SDA5 exists. In addition, in the newer version SDA5 a betterrandom number generator is implemented and the eletrostati interationsare omputed using the grids and harges of both biomoleules. The simu-lations in the next two hapters were arried out with the SDA4 while theSDA5 was used for the others.4.3 Moleular Dynamis4.3.1 Fore �eldsMoleular Dynamis (MD) is a omputational tehnique based on lassialphysis, where the fore Fi ating on eah atom i due to the presene of allatoms in the system is omputed and the atom i is put into motion via theNewton's equation of motion
mir̈i = Fi = −∇ri

V(r), �
�

�
�4.14where V(r) is the total potential energy of the system. Here, the Born-Oppenheimer approximation is assumed allowing to express the energy as afuntion of the atomi (or nulear) oordinates only. Often suh a poten-tial is based upon a simple model of interations within the system and isnamed a fore �eld. Fore �elds usually inlude intra- and inter-moleularontributions and a ommon funtional form is

V(r) = Vbond(r) + Vangle(r) + Vdihedral(r) + VvdW(r) + VCoulomb(r) =
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,where the �rst three terms desribe the strething, bending and torsionalbonded interations, the fourth term is the Lennard-Jones potential and the34



4.3. MOLECULAR DYNAMICSlast term desribes the eletrostati interations. The internal oordinateparameters (e.g. kbond, r0) as well as those for the nonbonded parts of thesystem (see Eq. (4.15)) are usually developed from data on small moleulesand tested on a small number of systems. Therefore, fore �elds are empirialand their key feature lies in their transferability, that is, one parametrized,a fore �eld an be applied to a wide range of problems and systems.In this study the Amber99SB fore �eld [106℄ was used within the MDsoftware pakage NAMD [107℄ (version 2.7b1 ). NAMD is partiularly de-signed for running MD simulations of large biomoleular systems, like thenuleosome partile, sine it is based on an e�ient parallel saling imple-mentation. Here the methodology of performing our MD simulation in theontext of NAMD will be desribed, although the overall proedure and pro-tool are similar to many biomoleular MD software pakages.For aurate treatment of the non-bonded eletrostati interations aswell as to avoid boundary surfae e�ets, periodi boundary onditions areemployed. These are also required for onstant pressure simulations sinepressure is ontrolled by adjusting the volume of the system at di�erenttimesteps (desription in Se. 4.3.3). The solute system is initially solvatedin water in a box of a hosen shape (ubi, otahedral, rhombi dodeahedral,et.) and a ertain number of ions are added to satisfy both onentration andzero net harge requirements. The latter are needed for aurate treatmentof the long-range eletrostati interations through the Ewald summationsheme [108℄, whih overomes the slow onvergene of the eletrostati po-tential energy at great distanes and assumes eah harge is surrounded by aneutralizing harge distribution of Gaussians. This allows the potential to besplitted into di�erent ontributions eah of them onverging more quikly:
VEwald = Vdir + Vrec + Vself + Vsurface,

�
�

�
�4.16where Vdir and Vrec are the real-spae (or diret) and reiproal4-spae sum-mations, respetively. The other two terms, Vself and Vsurface, represent theself-energy and surfae energy, respetively. The former is usually a on-stant, whereas the latter is very small due to the large di�erene between thedieletri onstants of the moleule interior and the solvent medium [107℄.Written in the above form, the eletrostati potential is still omputa-tionally demanding and it sales as N2 (or N3/2 in the best senario) fora system with N partiles in the primary simulation ell. In order to re-due the saling fator, the fast Fourier transform (FFT) algorithm is imple-mented to ompute the most expensive reiproal-spae term Vrec. The speedup is onsiderable - N log N . The disadvantage, however, is that the FFT4Term used mainly in solid state physis. 35



CHAPTER 4. COMPUTATIONAL METHODS FOR STUDYINGBIOMOLECULAR DYNAMICS AND INTERACTIONSmethod requires disrete data points, whih ondition is ahieved by repla-ing the ontinuous harges by a 3D grid-based harge distribution. Di�erentso alled "partile-mesh" Ewald (PME) approahes exist to map the hargesof the system on a grid that orretly interpolates to the desired potential ateah atom, and NAMD spei�ally uses the smooth PME method [109℄.Van der Waals interations are treated within a pre-de�ned non-bondeduto� sine they fall o� very quikly with distane. When periodi boundaryonditions are employed, the uto� value should be hosen as to not allowan atom to interat with its own image. Together with the minimum imageonvention (stating that every atom interats with a maximum one image ofevery other atom in the system), the uto� should not be greater than halfthe dimension of the unit ell. To let the Van der Waals potential smoothly(disontinously) go to zero beyond the uto�, a smaller swithing distane isusually appropriate to speify, where a swithing funtion is applied betweenit and the uto� distane.4.3.2 Veloity Verlet algorithmThere exist several ways of arrying out a numerial integration on Eq. 4.14,but for all of them the di�erentials are replaed by the orresponding �nitedi�erenes. Then the ontinuous phase trajetory Γ(t) is replaed by a setof points Γ(0), Γ(δt), Γ(2δt), . . . , Γ(nδt), . . . , where δt is the time stepof the simulation and n expresses the number of step, i.e. the number oftimes numerial integration is performed. First a Taylor expansion of theoordinates (Cartesian), veloities, aelerations, et. around the urrenttime is applied and seond a ertain algorithm (integrator) is hosen. One ofthe most ommon integrators is the veloity-Verlet method [110℄r(t + δt) = r(t) + δtv(t) +
δt2

2
a(t),v(t + δt) = v(t) +
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�4.17where v(t) are the veloities and the aelerations a(t) are given byai =
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�4.18At the initial ondition of the system, i.e. given Cartesian oordinates andfore �eld parameters for all atoms, the aelerations are omputed aording36



4.3. MOLECULAR DYNAMICSto Eq. 4.18. Then, the proedure follows asrn+1 = rn + δtvn +
δt2

2
an,vn+ 1

2
= vn +

δt

2
an,an+1 = a(rn+1),
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�
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�4.19vn+1 = vn+ 1

2
+

δt

2
an+1,

. . . = . . .The hoie of the time step δt in the MD has to be arefully onsidered. Onone hand, it should be small enough to apture the fastest movements inthe system like the highest-frequeny vibrations of hydrogen bonds, whihare on a timesale of 1 fs (femtoseond)5. On the other hand, the larger thetime step, the less omputational time will be required. One an restritthe usually of less interest high frequeny motions like bond vibrations byimposing onstraints to the bonds of the atoms linked to hydrogens. Thisallows inrease in the time step δt by a fator of two (to 2 fs). The proedurefor applying suh onstraints is alled either SHAKE [111℄ or RATTLE [112℄,and we used the former.4.3.3 Thermostats and BarostatsThe Newton's equations of motion for an isolated system propagate a traje-tory in the phase spae along whih d − 1 integral of motions are de�ned (dis the dimensionality of the phase spae). Time homogeneity implies one ofthese integral of motion is the total energy of the system. Over the ourseof a very long (in�nite) time, the dynami trajetory will over the wholephase spae, i.e. eah visited state will have the same energy. Suh statesform an ensemble of on�gurations (see Se. 2.1.1) alled the miroanon-ial ensemble desribed by onstant number of partiles, onstant volumeand onstant energy (NV E). Aording to the ergodi hypothesis, the timeaverage of a property of the system over the phase path will equate to theensemble average over all on�gurations in the ensemble as well as to anexperimentally measured value of the property. Therefore, a MD simulationevolving by the Newton's equations of motion for a su�iently long time willprodue a trajetory of on�gurations with time averages equivalent to theexperimentally obtained averages. However, rarely do real (biomoleular)systems and reations take plae under experimental onditions of onstant51 fs=10−15 s 37



CHAPTER 4. COMPUTATIONAL METHODS FOR STUDYINGBIOMOLECULAR DYNAMICS AND INTERACTIONSvolume and energy. In order to be able to omputationally mimi exper-iments, modi�ed equations of motions should be developed with integralsof motion mathing experimentally invariant marosopi variables suh astemperature and pressure. The time evolution of suh equations will sampleon�gurations belonging to ensembles with onstant temperature (anonial
NV T ) and/or pressure (Gibbs NPT ). To keep either the temperature of thesystem or its pressure or both onstant during an MD simulation run, di�er-ent algorithms have been developed - with or without aurate sampling ofthe desired statistial ensemble.NAMD ontrols the temperature of the system in several ways. Langevinequations of motions (Eq. 2.19) integrated by Brünger-Brooks-Karplus (BBK)integrator [107, 113℄ introdue a random fore whih ats as a heat bath. Analternative way is to ouple the system to an external heat bath that is �xedat the desired temperature [114℄. Other not so rigorous methods inlude thesimple resaling or reassignment of the veloities in the system, whih areusually used during the initial heating and equilibration phases of the sim-ulation. Out of these four temperature ontrol shemes, only the Langevinequations of motion (if properly implemented) generate rigorous anonialaverages. We used the Langevin heat bath during equilibration, whereas re-lied on the Berendsen oupling mehanism in the prodution phase of thesimulation.In ase of the isothermal-isobari ensemble (NPT ), pressure an be main-tained by Nosé-Hoover Langevin piston method [107, 115, 116℄(also alledthe extended system method) or the Berendsen barostat [114℄ (also alledthe weak-oupling method). Sine pressure is ontrolled by hange in vol-ume, the two algorithms introdue volume as an additional degree of freedomin the Newton's equations. In the former ase, volume is being adjusted by a�titious piston with a spei�ed mass, where the motion of the piston is par-tially damped by the Langevin equation. The system is in ontat with a heatbath, but sine this ontat is through a single degree of freedom (the piston)only, additional suitable temperature ontrol method should be used in on-juntion in order to sample the NPT ensemble. The weak-oupling methodfor pressure ontrol is analogous to the thermostat oupling and indeed bothhave to be used together beause the piston overdamped oupling leads toa dissipation of energy, whih should be put bak into the system throughthe temperature ontrol. The Berendsen thermo-/barostat algorithms donot produe trajetories in a known ensemble. We used the Nosé-HooverLangevin piston method for pressure ontrol during equilibration and theBerendsen oupling shemes during the prodution.38



5Brownian Dynamis doking of thelinker histone to the nuleosome
The key role of the linker histone (LH) proteins (H1/H5 families) in hro-matin �ber formation is well established [69℄. H5/H1 ontributes not only tothe ompation of hromatin into a 30 nm �ber, but also partiipates in theregulation of proesses suh as repliation and transription [117℄. The exis-tene of two proposed strutures of hromatin, of the one-start (solenoid) [56℄and the two-start (zig-zag) [4℄ (Fig. 3.2) helies, implies that the linker DNA(lDNA) onneting suessive nuleosomes varies not only in length but alsoin onformation. It is known that the LH binds to the nuleosome, but ex-atly how the two interat, and how this interation is a�eted by and itselfa�ets the onformation and dynamis of the lDNA, is not yet understood.From in vivo FRAP experiments, Brown et al. identi�ed two bindingsites and one nonbinding site on the globular domain of the H1 LH, GH10,and modeled a omplex of GH10 with the nuleosome to �t this data [17℄.Two binding sites were also suggested on the basis of in vitro photorosslink-ing data for the H5 LH, GH5 [27℄, and moleular modelling of GH1 [29℄, but,in these studies, di�erent binding modes to the nuleosome were dedued.On the other hand, two omputational doking studies [28, 30℄ of the H5 LHglobular domain, GH5, (whih is 97% homologous to GH10) to the nuleo-some showed three binding sites on the GH5 and di�erent doking positionswith respet to the nuleosome. In light of these inonsistenies, the aim ofthis study is to determine the position and orientation of GH5 with respetto the nuleosome, and how binding of GH5 is in�uened by and in�uenesthe DNA onformation and dynamis. These fators are ruial for the stru-ture and funtion of the higher-order hromatin �ber. To ahieve this, theglobular domain of linker histone H5 was doked to the nuleosome using theBD software pakage SDA4 (Se. 4.2.2). 39



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOME5.1 System preparationThe rystal struture of the nuleosome ore partile [5℄ (NCP, Protein DataBank - PDB ode 1kx5, 1.9 Å resolution) was used as a referene struture.The histone tails were removed from the struture beause they are muhmore mobile than other parts of the nuleosome and a reent experimentalstudy [31℄ showed that histone tail removal does not a�et binding of theH5 linker histone signi�antly. In addition, another experimental study [95℄pointed out that the position of the linker histone H10 on the nuleosomeis not a�eted by the histone tails. To inlude the linker DNAs, 20 bp ofDNA from the tetranuleosome struture [4℄ (see Fig. 3.2), 10 bp at eah en-try/exit, were added to the referene struture and the nuleosome strutureobtained (tNCP) was used as an equilibrium onformation in the NormalMode Analysis (NMA). The onformation of the initial nuleosome struture(tNCP) is depited in Fig. 5.1. The globular domain of the H5 linker histone
Figure 5.1: Nuleosome stru-ture (tNCP) used in the NMA.The red arrow designates the dyadaxis.

(GH5) was obtained from its rystal struture [72℄ (GH5, PDB ode 1hst, 2.5Å resolution) (see Fig. 3.3). Chain B of GH5 was used for the simulations.5.2 NMAThe obtained nuleosome struture (tNCP) was subjeted to Normal ModeAnalysis based on the Elasti Network Model (ENM) [34℄ (Se. 4.1.1). Theharmoni approximation was built around the rystal struture itself, whihwas assumed to be in a global minimum. Suh an approximation avoids theusage of omputationally expensive minimization proedure, but has the dis-advantage of having the initial struture trapped either in a loal minimum40



5.2. NMAor far away from any minimum. In suh a way the NMA might desribein detail the dynamis around a state, whih has a low density distributionin the phase spae Γ(t). Moreover, the NMA dynamis does not take intoaount solvent damping and anharmoni e�ets, whih might be ruial forthe biomoleular funtion. Surprisingly, the large amplitude �utuations inlyzozyme obtained by MD yielded similar diretions with the low-frequenynormal modes [118℄. Other studies [97, 119, 120℄ also showed qualitativelythat the low-frequeny normal modes haraterize well the olletive domainmotions in proteins. In hromatin, the highly paked DNA moleule shouldpartially or ompletely unwrap from the nuleosome in order to perform itsfuntion in the ell nuleus [121, 122℄. In addition, the way it is pakedtunes its aessibility to other proteins and, thus, alters the DNA-proteinreognition dynamis [70℄. For the purpose of this study the usage of NMAon the rystal struture is justi�ed by the extremely stable nuleosome orestruture in the nanoseond time sales [64℄1. In addition, our goal is tosample more onformations in the on�gurational spae regardless of theirquantitative harater. As it was already pointed out in Se. 4.1 the absolutevalues of the eigenfrequenies of eah mode obtained by the ENM do not havephysial meaning and they are rather arbitrary due to the negleted anhar-moni e�ets and solvent damping. However, the relative eigenfrequeniesare physially meaningful and, thus, they an give insights into the relativemotions of the obtained normal modes.We used the Nomad-Ref program [123℄ (http://lorentz. immstr.pasteur.fr/nomad-ref.php) to alulate the �rst 20 normal modes of the nuleosome(tNCP). The alulation was done with all nonhydrogen atoms present inthe nuleosome. The default parameters of a uto� of 10 Å, distane weightparameter d0 of 5 Å [97℄ and average output RMSD of 3 Å were used [123℄.For alulating the frequenies a fore onstant of 100 kal/Mol/Å2 was ap-plied. The output nuleosome onformations were 15 for eah mode, 7 oneah side of the starting equilibrium onformation. The onformations weredetermined by the diretion of the normal mode vetors. The potential en-ergy of eah onformation an be given by
Vi(|ri

RMSD|) ∝ Bω2|ri
RMSD|

2,
�
�

�
�5.1where ω is the alulated mode eigenfrequeny (in 1/m), ri

RMSD is the allatom RMSD (in Å) between onformation i and the equilibrium one (tNCP)and B is a onstant in kJ/mol. This nuleosome energy dependene on1Roatano et al. [64℄ showed that the main body of the nuleosome stays relativelylose (RMSDhistones < 3 Å, RMSDDNA < 7 Å) to the rystal struture in a 20 ns MDsimulation of a nuleosome with 147 bp of DNA with and without histone tails. 41



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOME
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Figure 5.2: Energy dependene of theall-atom RMSD distane from equilib-rium for eah mode. The mode num-bers are labelled on the right.
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�
�5.2where nm is the total number of modes. Plot of G(ω) for the nuleosome isdisplayed in Fig. 5.4. Clearly, our data follow the ω2 law, rather than ω3, andfall into a universal urve like other globular proteins [124℄. Atually, this be-haviour is expeted sine the ENM was used in determining the eigenvetors.It should be noted that the piture in Fig. 5.4 is plotted against only the �rst20 modes and also, our struture ontains DNA, whih obviously does nota�et the shape of the density of states. Interestingly, we see two regimes,one for the lowest three frequenies, and another for the higher freqienies.This observation has no obvious explanation. Avraham [124℄ onluded thatthe proteins behave as two-dimensional objets as far as slow vibrations are42



5.2. NMA
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Figure 5.4: Saled density ofstates G(ω) obtained by the NMA.The line is �tted to the data pointsas ω2 (red).
onerned.The largest motions obtained by the NMA were exhibited by the two10 bp long linker DNAs (lDNAs) while the main ore of the nuleosomeremained stable. This DNA �exibility an play an important role in protein-DNA interations [89℄ as well as in transription and repliation [70℄. Torepresent the prinipal strutural variations of the nuleosome, 13 di�erentonformations were hosen from the two lowest frequeny modes: modes 7and 8 (modes 1-6 desribe rigid body translation and rotation) (see Fig. 5.5).For the 7th mode, only open onformations with respet to the equilibrium

Figure 5.5: Nuleosome onformations generated by NMA. The lDNA onforma-tions hosen from the 7th (left) and the 8th modes (right) are shown by ylinderswith the blue points marking the ylinder axis. The equilibrium struture, (70)(orresponding to the rystal struture), is olored red.struture (70) were hosen whereas the 8th mode was represented by threeonformations on eah side of the equilibrium struture (80) (Fig. 5.3). Oneof the lDNAs (lDNA1) showed larger �utuations than the other (lDNA2)43



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOME

Figure 5.6: Geometri parameters for speifying eah nuleosome onformation.The green (dyad) point lies on the dyad axis and the red point is loated at theenter of mass of the nuleosome.(Fig. 5.5). These nuleosome onformations were quanti�ed by 9 geometrialparameters displayed in Fig. 5.6. They are: α and ζ are the angles betweenlDNA1 and lDNA2 (α in the xy plane); γ1 (γ2) is the angle between lDNA1(lDNA2) and the y-axis in the yz plane; A is the area of the triangle formedby the ends of lDNA1 and lDNA2 and the dyad point with angle β and sides
d1, d2 and d3. The parameters are given in Table 5.1.Table 5.1: Values of the geometri parameters for eah nuleosome (tNCP) on-formation generated by NMA used in the BD simulations.Conformation α, deg ζ, deg A, Å2 β, deg d1, Å d2, Å d3, Å γ1, deg γ2, deg

70 71.44 70.76 468.40 92.31 40.34 23.24 47.36 14.57 2.65
71 56.34 55.50 499.61 80.32 44.73 22.66 46.62 7.21 4.94
72 43.81 43.72 539.35 72.19 50.83 22.29 48.86 0.73 7.12
73 34.25 36.31 587.34 67.47 57.49 22.12 53.11 4.14 9.09
74 27.33 32.53 639.66 65.14 63.81 22.10 58.09 7.48 10.75
75 22.56 31.05 689.21 64.19 69.08 22.16 62.69 9.64 12.06
76 18.14 30.65 749.37 63.89 74.80 22.31 68.00 11.53 13.40

8
−3 78.21 86.86 49.06 9.18 22.67 27.14 5.98 17.49 25.40

8
−2 77.27 80.80 197.11 39.48 25.58 24.24 16.87 9.59 19.16

8
−1 75.11 74.51 336.42 68.46 31.88 22.69 31.63 1.43 11.39
80 71.44 70.76 468.40 92.31 40.34 23.24 47.36 14.57 2.65
81 66.42 71.78 607.85 109.21 49.76 25.87 63.19 27.29 6.15
82 60.84 76.25 769.41 119.46 59.25 29.83 78.35 37.07 13.96
83 55.68 81.40 954.95 125.07 68.13 34.25 92.17 43.45 20.2644



5.3. ELECTROSTATIC POTENTIAL CALCULATION5.3 Eletrostati potential alulationPartial harges, atomi radii and hydrogens were assigned to all atoms inthe strutures with the PDB2PQR program [125℄. The nuleosome partile(tNCP) and the globular domain of the linker histone (GH5) have 13496 and565 nonhydrogen atoms, respetively. The net formal harges are ∼ -237efor the nuleosome onformations and +11e for the linker histone. Eletro-stati potentials were omputed by solving the nonlinear Poisson-Boltzmannequation on grids (1Å spaing) with 2573 and 2003 points for eah hosen nu-leosome onformation and the linker histone, respetively (Se. 4.2.2). Thealulations were performed with the programs APBS [101℄ and UHBD [102℄using asymptoti boundary onditions. The temperature was set to 300 K,the solvent dieletri onstant to 78, the solute dieletri onstant to 2 and theioni strength to 100 mM. The surfae of the biomoleules was represented by

Figure 5.7: Eletrostati equipotential at ± 1 kBT/e for the tNCP (left) and GH5(right). Blue represents the positive potential, while red is the negative.
Van der Waals radii, whih has been shown to stabilize protein-nulei aidomplex formation [126℄. The parameters were hosen to resemble availableexperimental data [18, 21, 127, 128℄. The obtained negative eletrostati po-tential of the nuleosome (Fig. 5.7) is due to the highly negatively hargedDNA moleule, whih sreens the positive potential of the histone protein.Nevertheless, in Fig. 5.7 (left) a positive portion of potential on the nuleo-some surfae an be seen. On the other hand, the residues on the surfae ofthe GH5 ontribute to the overall positive potential of the linker histone.45



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOME5.4 E�etive harges alulationAn important step for reduing the number of partial harges on the moleules,and thus, inreasing the simulation time is the introdution of a small num-ber of e�etive harges, whih represent aurately the eletrostati potentialaround the moleule in a homogenous medium [103℄. E�etive harges wereassigned to both moleules with the ECM program (Se. 4.2.2). The num-

Figure 5.8: E�etive harges represented as spheres for the tNCP (left) and GH5(right). Blue spheres are the e�etive harges on positive residues, red on negativeand orange on P atoms (negative) of the nulei aid bakbone.ber of e�etive harges was 730 and 26 for the tNCP and GH5, respetively(Fig. 5.8). They were alulated using the previously obtained solution ofthe nonlinear Poisson-Boltzmann equation. The omputation was done in aprobe layer of 4 up to 7 Å around the moleular surfae. The ioni strengthwas set to 100 mM and the solvent dieletri onstant to 78.54. In the BDsimulation proedure, the e�etive harges of GH5 move on the eletrostatipotential grid of tNCP.5.5 Brownian Dynamis setupThe BD doking simulations were arried out with the SDA4C pakage [98℄(Se. 4.2.2) modi�ed in suh a way that di�usional enounter omplexes werereorded only if they satisfy prede�ned onstraints. For our ase, we usedtwo onstraints: (i) a enter-to-enter distane between both partiles (< 74Å) and (ii) dyad point-enter distane between the dyad at the nuleosomalDNA (nDNA) and the enter of the GH5 (< 40 Å). This riterion is basedon experimental studies indiating that GH5 binds between and protets 20bp of the lDNAs from nulease digestion [32℄.46



5.5. BROWNIAN DYNAMICS SETUPIn the simulations, the moleules are modeled as rigid bodies with theshort-range attrative interations negleted. An exlusion volume grid with0.5 Å spaing was assigned to the nuleosome onformations to avoid over-laps. The trajetories start at a enter-to-enter distane b = 300 Å and�nish at a distane c = 640 Å (See Fig. 4.1). The time step was setto 0.25 ps for enter-to-enter distanes up to 130 Å and it inreased lin-early for larger distanes. The translational di�usion onstant was alu-lated aording to the Einstein-Stokes relation (Eq. 2.13) and its value was
D = 0.0185 Å2/ps. The rotational di�usion onstant of the GH5 was set to5.04×10−5 rad2/ps. If GH5 spent more time than thit(rhit)=0.2 ms within
rhit = rmax

1 + rmax
2 + rprobe + rmax

atom for all sampled trajetories, the BD runwas trunated (a run typially ontained 10-100 trajetories). This is done toprevent very long sampling of bound on�gurations. The GH5 probe radius
rprobe was assigned to 1.6 Å, the maximum radius of an atom rmax

atom was 1.9Å, the maximum distane from the enter of mass to the furthest atom rmax
2of the GH5 was 19.9 Å while rmax

1 had values depending on the nuleosomeonformations (rmax
1 ǫ [77.4, 117.4] Å). The interation energies as well as theoordinates of the omplexes satisfying the onstraints were reorded.GH5 was doked to the 13 nuleosome onformations generated by NMA(Fig. 5.5) separately and for eah system �ve di�erent runs with di�erentrandom generators, i.e. di�erent starting positions and orientations, wereperformed. This assures di�erent sampling paths for the GH5 in the on�gu-ration spae. For eah nuleosome struture, 25 000 omplexes were reordedand the 2500 lowest energy doked omplexes were lustered aording to thebakbone RMSD between them using the PDPIPE software [129℄. After lus-tering, the representative of the top ranking luster (with greatest numberof doked omplexes) was designated as the 'doked position'. The distaneof eah residue to either the nDNA or lDNA in the on�gurations generatedin the BD simulations was monitored. The atoms Nζ and Cβ on Lys andArg, respetively, were hosen for the distane alulation, whereas Cβ (Ala,Val) and Cγ (Leu) were used for the hydrophobi residues. For eah residue,its binding strength to nDNA and/or lDNA was desribed by weight fatorsde�ned by

ωn =
NnDNA

〈d〉nDNA
, ωl =

N lDNA

〈d〉lDNA

�
�

�
�5.3where NnDNA and N lDNA give the number of omplexes (out of 2500) forwhih a ertain residue is lose (less than 15 Å) to the nDNA or lDNA,respetively, while 〈d〉 is the average distane of the residue to either nDNAor lDNA. The maximum possible value of ω was 1093.5 (1/Å) for d = 2.29Å. 47



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOME5.6 Struture of the nuleosome-linker histoneGH5In 8 out of the 13 onformations, the simulations revealed a single bindingmode in whih GH5 binds approximately one helial turn away from the dyadpoint, lose to lDNA1 (Fig. 5.9). For these onformations, with geometryde�ned by α ǫ [55.7, 71.4], β ǫ [63.9, 92.2] and A ǫ [468, 749] Å2 (Fig. 5.6 andTable 5.1), the RMSD of GH5 from its doked position on the 70 onformationis within 6 Å (Fig. 5.10). GH5 approahes the nDNA with helix 3, ontainingresidues R47, K69, R73 and R74 (the K69site), and lDNA1 with the residuesR42, R94 and K97 (the R42site). The third harged site, ontaining K52,K55 and K59 (the K59site), does not ontat the nuleosome (Fig. 5.9).Although, residues K85 and K40 are situated on loops on both sides of theR42site they annot be assigned to any of the proposed sites. The urves
NK69site and NR42site in Fig. 5.10 give the number (in perentage) of dokedomplexes, for whih the orresponding sites K69site and R42site are within6 Å to nDNA and lDNA, respetively. The distane is averaged over thedistanes of the residues omprising the relevant site. Hene, NK69site and
NR42site are measures for the orientation of the GH5 with respet to thenuleosome. For the extreme onformation in the 7th mode (76), the same

Figure 5.9: The doked position of GH5 (blue) on the nuleosome (red) shownwith 13 superimposed onformations generated by NMA (left). The harged siteson GH5: K69site (orange), R42site (green) and K59site (grey) and the hydrophobiresidue Val87 (yellow).two sites on GH5 ontat the DNA, but the ontats are di�erent, i.e. theR42site ontats the nDNA and the K69site ontats lDNA2 (Fig. 5.10),48



5.6. STRUCTURE OF THE NUCLEOSOME-LINKER HISTONEGH5similar to the doking mode proposed by Zhou et al. [27℄ and Bharath etal. [29℄. For onformations 82 and 83, the GH5 also binds loser to lDNA2than to lDNA1, but ontats lDNA2 with the R42site. Sine 8−2 and 8−3 arelosed nuleosome onformations (area A < 200 Å2) in whih the dyad pointis not freely aessible to the GH5, the doked positions are outside ratherthan in between the lDNAs.To identify the residues most important for binding and to ompare themwith experimental data, saled weight fators (averaged over the on�gura-tions with RMSD < 6 Å, see Fig. 5.10) were plotted against the inverse FRAPhalf-time t1/2 for reovery [17℄ (Fig. 5.11). Both, the weight fator and theFRAP half-time are indiators of binding strength, but there is no diretrelation between them. One an, however, observe a qualitative agreementbetween omputation and experiment. Not only do the two predited bind-ing sites (K69site and R42site) agree with experimental data, but both thesimulation and the experiment show that Lys69 ontributes most to bindingwhereas Lys59 ontributes least. The simulation slightly overestimates thebinding strength for Arg94 and Lys85.

Figure 5.10: Comparison of the dok-ing modes to the 13 nuleosome on-formations showing the RMSD of thedoked positions of GH5 from that tothe 70 onformation of the nuleosome(red), the perentage of doked on�g-urations in whih the K69site (blue) orthe R42site (green) is within 6 Å of thenuleosome either to nDNA or lDNA,respetively.
Figure 5.11: Weight fator (omputedfrom simulations) versus the experi-mentally measured FRAP inverse half-time for reovery. The positions of the12 positive and 10 hydrophobi residues(not plotted) on the surfae of GH5with respet to the nuleosome werequanti�ed by weight fators ωn and ωl,whih are indiators of binding strengthto the nuleosomal DNA (nDNA) andlDNAs, respetively

49



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOMEHydrophobi interation energyThe hydrophobi loop ontaining Val87 lies between the nDNA and lDNA1(Fig. 5.9). This loop ould interat with the AT-rih lDNA [30℄ and, bymeans of short-range hydrophobi interations, failitate small readjustmentsof the GH5-nuleosome enounter omplex to form the fully bound omplex.The hydrophobi residues Leu66, Leu70, Ala77 and Ala78 belong to helix 3,whih has been identi�ed as binding to the nuleosomal DNA [17℄. Val87and Ala89 together with Lys85 belong to the loop between the beta sheetsand struturally this loop appears between the two binding sites, K69siteand R42site (Fig. 5.12). It is seen that the hydrophobi residues have lessFigure 5.12: Saled weightfators for the positive(blue) residues and for all25 hydrophobi residues(red) of GH5 are plotted forbinding to nDNA (ordinate)and lDNA (absissa). Theinset shows the loation ofthe residues on the surfaeof GH5.
binding strength than the positive residues on K69site and R42site. In or-der to identify the ontribution of the hydrophobi residues to the dokedposition of GH5 obtained we omputed the hydrophobi interation energybetween the GH5 and a hydrophobi probe ('DRY' probe) using the programGRID [130�132℄. Sine it is thought that the hydrophobi e�et arises due towater rearrangements in the hydration shell, the water entropy is taken intoaount for omputing the hydrophobi interation energy. Moleule GH5is represented by grid points and for eah point the hydrophobi interationenergy is omputed. It is given by three terms

Ehydro = EWENT + ELJ − EHB,
�
�

�
�5.4where EWENT is a favourable entropi ontribution to the free energy of water,whih is assumed to have the same magnitude for the hydration shell not par-tiipating in the interations, whereas ELJ and EHB desribe the favourableLennard-Jones and unfavourable hydrogen bonding (due to the polar atoms50



5.6. STRUCTURE OF THE NUCLEOSOME-LINKER HISTONEGH5on the surfae) interations, respetively. The most favourable value of thehydrophobi interation energy was -1.93 kal/mol around residues Leu66and Leu70. A favourable hydrophobi region was also learly seen aroundVal87 at an interation energy of -1.45 kal/mol (Fig. 5.13). It lies adjaentFigure 5.13: Hydrophobi bind-ing sites on GH5 identi�ed us-ing the program GRID [130�132℄. GH5 (green artoon) isshown with its van der Waals sur-fae (green mesh) and hydropho-bi regions (yellow) with intera-tion energy more favorable than-0.5 kal/mol for a hydropho-bi probe, the 'DRY' probe (yel-low). The residues near thehydrophobi regions are labelled.The �gure was made with Pymol(www.pymol.org).to a loop whih was onsidered as a separate binding site interating withAT nuleotides in the major groove of lDNA by Cui and Zhurkin [30℄. Theseauthors laimed �rstly, that an AT-rih lDNA failitates LH binding and, se-ondly, that the hydrophobi interations between the Val87 loop and the ATnuleotides lead to bending of the lDNA. Our results are in agreement withthis statement. The GH5 preferably ontats the lDNA1 (10 bp), whih has6 A or T nuleotides in ontrast to only 2 on the lDNA2, and NMA showedthat the lDNA1 is more �exible than lDNA2 and the reason ould be thepresene of more AT nuleotides. However, our BD doking proedure iden-ti�ed the enounter omplex based only on eletrostati interations betweenmoleules and this primary, initial interation involved the harged bindingsites, K69site and R42site, on the GH5. Due to short-range hydrophobi in-terations, a subsequent seond interation of GH5 might involve the Val87loop, whih ould turn into the major groove of lDNA1 as suggested by Cuiand Zhurkin [30℄. Suh an interation with its aompanying onformationalrelaxation requires higher resolution modeling with treatment of onforma-tional �exibility, e.g. by atomi detail Moleular Dynamis (MD). This willbe presented in Chapter. 9.The dominant BD doking mode is thus onsistent with the models pro-posed by Brown et al. [17℄ and Cui et al. [30℄ using FRAP and sequeneanalysis, respetively, but di�ers from other proposed models [27�29℄. 51



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOMENMA of the nuleosome-linker histone omplexWe next addressed the question of how H5 tunes nuleosomal DNA aes-sibility by performing a NMA of the nuleosome with GH5 doked to it inthe position obtained from the BD simulations (Table 5.2) and omparingthe motions of the lDNAs in the NMA with and without GH5 (Fig. 5.14).GH5 in�uenes the way both lDNAs move. For lDNA2, the diagonal patternindiates similar motion2 between neighboring modes, whereas the modesof lDNA1 have di�erent diretions in the presene and absene of GH5(Fig. 5.14). The motion of lDNA1 is more suppressed by GH5 than lDNA2as indiated by the distane d1 between the dyad point and the end of lDNA1in Fig. 5.15. Zlatanova et al. [70℄ proposed that GH5 binds lose to one ofTable 5.2: Values of the geometri parameters for eah nuleosome onformationgenerated by NMA for the (tNCP+GH5) omplex.Conformation α, deg ζ, deg A, Å2 β, deg d1, Å d2, Å d3, Å γ1, deg γ2, deg
70 71.44 70.76 468.40 92.31 40.34 23.24 47.36 14.57 2.65
71 58.67 55.97 462.61 71.62 40.01 24.37 39.75 13.39 17.25
72 47.00 46.18 522.15 59.63 39.75 30.45 35.82 12.25 28.36
73 37.37 41.36 622.35 55.11 39.56 38.36 36.06 11.22 35.52
74 30.03 39.58 733.22 53.86 39.43 46.05 39.16 10.33 39.83
75 24.85 39.20 832.88 53.76 39.36 52.47 43.14 9.63 42.36
76 19.99 39.43 946.05 54.14 39.30 59.40 48.35 8.90 44.38

8
−3 97.56 94.27 433.76 105.83 36.13 24.96 49.19 19.76 6.77

8
−2 90.50 88.12 426.43 102.23 35.80 24.38 47.39 18.89 5.52

8
−1 81.51 80.06 438.43 97.46 37.17 23.79 46.66 17.20 4.12
80 71.44 70.76 468.40 92.31 40.34 23.24 47.36 14.57 2.65
81 61.76 61.55 510.60 87.61 44.93 22.75 49.51 11.35 1.20
82 53.71 53.71 558.32 83.71 50.28 22.34 52.74 8.16 0.42
83 47.70 47.77 605.86 80.67 55.74 22.03 56.52 5.46 1.57the lDNAs while the C-terminal domain ats as a bridge between the lD-NAs and thus loks the nuleosomal gate and shuts down DNA transriptionand repliation. Our models suggest that, due to the spontaneous aessi-bility of the DNA [133℄, H5 ould �rst bind strongly to the nuleosome inthe dominant position identi�ed here (see Fig. 5.9) and seondly its globu-lar and C-terminal domains ould bring the lDNAs together and H5 wouldremain bound for a long time beause the lDNA motion is suppressed. Inour model, the binding of H5 depends not only on the interations with thenuleosome, but also on the geometry and sequene of the lDNAs. The nu-leosome is asymmetri with respet to the lDNAs and so is the binding of2The motion is similar for an average angle between the modes of 0-45 and 135-180degrees, while it is dissimilar for an angle between 45 and 90 degrees.52



5.6. STRUCTURE OF THE NUCLEOSOME-LINKER HISTONEGH5
Figure 5.14: Comparison of theeigenvetors of modes 7-20 oflDNA1 (up) and lDNA2 (down)omputed for the nuleosome with(absissa) and without (ordinate)GH5 doked.

GH5, even though LH binding has been modeled as symmetri in severalstudies [22, 76, 76, 77, 80℄. In the dominant binding mode, GH5 binds tolDNA1, but, in the open 76, 82 and 83 onformations, GH5 binds to lDNA2,even though lDNA1 is aessible. This suggests that GH5 binding to lDNA1favors the more ompat form of hromatin whereas binding to lDNA2 tendsto prevent hromatin �ber ompation. The present models provide the ba-sis for future studies/MD simulations (see Chapter. 9) with a more detailedtreatment of onformational �exibility to investigate indued �t upon LH-nuleosome binding. Figure 5.15: The distane d1 be-tween the dyad point and lDNA1with (blue) and without (red) GH5doked for modes 7 and 8.
53



CHAPTER 5. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE TO THE NUCLEOSOME5.7 Summary and impliations to hromatin �berIn this hapter, we identi�ed the nuleosome-globular domain of linker his-tone H5 struture (hromatosome partile) by extensive Brownian Dynamis(BD) simulations ombined with Normal Mode Analysis (NMA). The linkerDNAs (lDNAs), 10 bp eah, exhibited the most pronouned onformationalhanges obtained by the NMA and, based on these onformations, the GH5was doked to the nuleosome by BD in order to �nd out the di�usional en-ounter omplex. A dominant binding mode of GH5 with respet to the nu-leosome, plaed asymmetrially one helial turn away from the dyad pointlose to lDNA1, was found for 8 nuleosome onformations. Two bindingsites of GH5, the K69site (R47, K69, R73, R74) and R42site (R42, K97,R94), binding to the nuleosomal DNA (nDNA) and lDNA1, respetively,were revealed. Residue K69 was found to ontribute most to binding, whileK59 least. All these �ndings are in agreement with an experimental FRAPstudy [94℄. The other 5 extreme onformations of the nuleosome showeddi�erent GH5 binding modes with the most open strutures (76, 82 and 83)having GH5 bound to lDNA2.The obtained hromatosome strutures an ontribute di�erently to theformation of higher-order hromatin �ber. Reently, experimental eletronmirosopy (EM) and theoretial Monte Carlo study [58℄ reported that hro-matin �ber an exist in a heteromorphi state, i.e. simultaneously havingzig-zag and solenoidally onneted nuleosomes. It was argued that the tran-sition between these states is tuned by the presene of linker histones anddivalent ions; the former forming a tight zig-zag struture [58℄. In addition,the Monte Carlo simulations showed that the linker DNA �exibility is animportant issue for the formation of struturally di�erent hromatin �bersand the linker DNAs onformations vary signi�antly in the presene and ab-sene of linker histone. This is in aord with our NMA data showing largelinker DNAs �utuations. For example, hanging the angle α (Fig. 5.6) anlead to di�erent intersetion points between lDNA1 and lDNA2 and, hene ifextended, to di�erent linker lengths. Another EM study [85℄ showed that thehromatin ompation for 167 bp and 197 bp (the most ommon in nature)of nuleosome repeat length (NRL) has small and high dependene on H5(0.5 and 1 H5 per nuleosome), respetively. The authors laimed that the'30 nm' �ber is an ordered interdigitated solenoid struture with NRL > 177bp [56℄, whereas the 167 bp NRL �ber is a zig-zag struture in the presene ofH5 [85℄. The ompation of hromatin �ber by the presene of linker histonehas been also on�rmed by FRET data [18℄ as well as by theoretial mod-els [22, 76, 77, 79℄. The dynami nature of hromatin [55℄ implies that DNA54



5.7. SUMMARY AND IMPLICATIONS TO CHROMATIN FIBERtakes di�erent onformations and interats in dynami fashion with DNAbinding proteins [89℄. The wrapping and unwrapping of DNA [6, 122, 134℄from the nuleosome is a way by whih other proteins an gain aess to itsgeneti information.In regard to all these studies, our modelling of di�erent nuleosome onfor-mations with a linker histone bound an shed more light into the ompationof a '30 nm' hromatin �ber. The dominant binding mode found might on-tribute to a more ompat hromatin �ber, while the modelled omplexeswith the most open nuleosome onformations might be relevant for a loosehromatin �ber.
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6Brownian Dynamis doking of thelinker histone mutants to thenuleosome
Proteins an be mutated, i.e. one or several residues an be substituted byother residue(s) or hemial group(s), and useful information an be gath-ered about their funtion, possible reations with other biomoleular speiesand strutural hanges. In living ells, the mutational proess appears natu-rally, for example, somati hypermutation is a proess related to the immunesystem funtion [135℄.In this hapter, the e�et of linker histone GH5 mutants on the bind-ing mode of GH5 as well as on the tNCP-GH5 struture is investigated byBrownian Dynamis simulation arried out with the SDA4C program. Alinker histone with replaed single or multiple residues will be referred to asa mutant.6.1 MutantsMutants were modelled to GH5 by replaing one or several residues withPymol [136℄. In total 25 di�erent strutures of GH5 were obtained (seeTable 6.1) inluding the wild type (WT) linker histone GH5. The stru-tures with several residues mutated at one (S1S2, SITE1, SITE2) followthe Brown et al. [17℄ notation, i.e. all are mutated to alanine (Ala) as S1S2(K69A, K73A, K85A, K40A, R42A, K52A, R94A), SITE1 (K69A, K73A,K85A) and SITE2 (K40A, R42A, K52A, R94A). The mutant 6ALA repre-sents simultaneous mutations to Ala of residues K40, R42, K52, K69, R74and K85. Most of the mutations replae positively harged residues with ei-ther neutral or negative residues. The linker histone mutants were preparedfor a BD simulation using the proedure desribed in Chapter 5. The net57



CHAPTER 6. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE MUTANTS TO THE NUCLEOSOMETable 6.1: Mutated strutures of the GH5. The mutants S1S2, SITE1, SITE2and 6ALA inlude multiple residue mutations to Ala.R94A D65K H25E K40A K52AK55A K55DD65K K55E K59A K69AK82V K85A K97A R42A R42ER47A R47E R73A R73E R74AMultiple S1S2 SITE1 SITE2 6ALAmutations K40, R42, K52, K69, K69, R73, K40, R42, K40, R42, K52,to Ala R73, K85, R94 K85 K52, R94 K69, R74, K85formal harge for the mutants varied between +5e and +13e. Brownian Dy-namis doking was performed with the same riteria as for the wild type(WT) GH5. Eah of the linker histone mutants was doked to the 13 nu-leosome onformations generated by NMA separately and, for eah system,�ve di�erent runs with di�erent random generators, i.e. di�erent startingpositions and orientations, were performed. In total, 1625 simulations werearried out.
6.2 BD doking and analysis of the resultsTwo main binding sites, K69site (on helix 3) and R42site (on loop 1 andbeta sheet loop) on the WT linker histone have already been identi�ed inChapter 5, but the ontribution of eah residue to binding depends on the nu-leosome onformation and whether suh ontributions are additive remainedunlear. Brown et al. [17℄ ombined systemati mutagenesis on murine H10linker histone variant in vivo using FRAP, and based on the experimental re-sults, proposed a model for the hromatosome partile. Our data on the WTlinker histone agree with the proposed two binding sites and their orientationwith respet to the nuleosome by Brown et al. [17℄. We have found that for8 nuleosome onformations (70 → 76, 8−1 → 81) WT binds approximatelyone helial turn away from the dyad axis lose to lDNA1 (see Fig. 5.9), whilefor the other open onformations (76, 82, 83) WT binds lose to lDNA2 witha di�erent orientation. Here, by introduing mutations to the struture ofGH5, we try to shed more light onto the linker histone nuleosome intera-tions.58



6.2. BD DOCKING AND ANALYSIS OF THE RESULTS6.2.1 Nuleosome-linker histone omplexesThe dominant doking position of WT GH5 to the nuleosome was usedas a referene struture and the doked representative of all mutants wasompared to it (Fig. 6.1 and Fig 6.2). The plots provide information abouti) the position of eah doked mutant to the dominant WT binding modeexpressed by the RMSD (red line), and, ii) the auray of this positionexpressed by the perentage of doked mutants N% (out of 2500) (blue line)for whih the RMSD of their representative was alulated. We use thefollowing notations (shemes) for desribing how muh the doked mutantsdi�er from the WT data� If RMSD ǫ [0,15℄ Å 









N% ǫ [80, 100] → alike
N% ǫ [60, 80] → mathing
N% ǫ [40, 60] → omparable� If RMSD ǫ [15,30℄ Å {

N% ǫ [60, 100] → proximate
N% ǫ [40, 60] → intermediate� If RMSD ǫ [30,100℄ Å {

N% ǫ [40, 100] → distint� If RMSD ǫ [0,100℄ Å {

N% ǫ [0, 40] → unde�ned.The 'unde�ned ' notation means that the solution plotted does not representstatistially all the omplexes obtained and more detailed analysis of theother oupany lusters is needed. The two notations intermediate anddistint are of interest as well, beause they di�er signi�antly from theestablished dominant WT binding mode.In Fig. 6.1 results are given for all nuleosome onformations of mode7 exept for onformation 73, whih has similar features to 72. Generalinspetion of the plot (Fig. 6.1) shows that most of the single mutations donot ontribute to a signi�ant displaement from the WT dominant bindingmode apart from the extreme 76. The mutants displaying a distint bindingmode are K40A and R73E in onformation 70, SITE1 in 71, R73A in 74,R73A, SITE1 in 75 and K55DD65K, K82V, R73A and S1S2 in 76. Apart fromthe mode 76, whih was onsidered as a metastable onformation in regardto hromatin �ber ompation, the other onformations lead to a ompletelydi�erent di�usional enounter omplex only for one (71, 74), two (70, 75) orzero (72, 73) mutants. Mutant SITE1 onsists of multiple mutations andits deviation in 71 and 75 is understandable. Sine the deviation for K40Aappears only in 70 and K40 was onsidered as nonbinding we will not disuss59
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6.2. BD DOCKING AND ANALYSIS OF THE RESULTSits ontribution in detail. The urves of the single mutants indiate thatneutral or negative mutations of R73 (belonging to helix 3) a�et the �nalposition of GH5. This means that residue R73 might ontribute signi�antlyto binding of GH5 to the nuleosome for 74 and 75. Worth mentioning is alsothat neutral mutation of R73A is implemented in the SITE1 and S1S2, whileSITE2 and 6ALA do not inlude it.Next level of omplexes, whih deviate from the WT are the intermedi-ate ones. The mutants falling into this group are D65K, K55DD65K, R94A,S1S2, 6ALA in 70, R47E, SITE2 in 71, SITE1 in 72, R73E, S1S2, SITE1 in
74, SITE2 in 75 and K52A in 76. Again, for every nuleosome onforma-tion, apart from 76, there are multiple mutations exhibiting di�erent bindingmodes. This is not as surprising as the stability of the single mutants to theWT dominant binding mode. We do not observe even a single mutant whihhas a lear deviation from the WT in 70 position for all nuleosome onforma-tions of mode 7. This may imply that single mutations are not su�ient toalter the position of the linker histone with respet to the nuleosome. Thisould be related to the experimental study of An et al. [95℄, who showed auna�eted binding position of the linker histone in presene and absene ofN-terminal histone tails. In both ases, experiment and simulation, there isa redution of the eletrostati interation energy between the nuleosomeand the linker histone. However, in the experiment, this redution is ausedby harged sites on the nuleosome, while in the simulation the harged sitesare on the linker histone. Although the magnitude of redution is di�erent,the experimental observation ould have an equivalent e�et for the bindingposition of single mutants, i.e. they remain lose to the WT dominant posi-tion. On the other hand, the multiple mutations display a ru�e pattern onthe plots for all the onformations suggesting their important role in linkerhistone binding. The third important group onsists of residues belongingto the unde�ned lass. These are K69A in 71, S1S2 in 75, K40A, K55A andK59A in 76. Inspetion of the other luster representatives of K69A in 71show that K69A binds in the mirror position of the WT, i.e. lose to lDNA2.Similar behaviour is observed for S1S2 in 75 as well. Overall, the plots ofmode 7 mainly give insights into the positional distribution of the BD dokedmutants with respet to the dominant position of the WT. Apart from themultiple mutants, single mutations of residues R73, K40, D65, R94, K52,K69, K55 and K59 give slight hange in the GH5 position only for some on-formations. In general, the single mutations do not hange signi�antly theposition of the di�usional enounter omplex, whih remains alike only forthe intermediate onformations 72, 73, 74 and 75. Upon a more detailed lookone an distinguish onformations 72 and 73 having the 'smoothest' patternamong the others. This observation would imply that the onformations 7261
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6.2. BD DOCKING AND ANALYSIS OF THE RESULTSThe pattern of the mutant's positions for mode 8 (Fig. 6.2) indiatesmore irregular urves. Even the onformations 8−1 and 81, whih have adominant binding mode of WT, show onsiderable deviations for some ofthe mutants. The mutants belonging to the distint group are K82V, R42E,R73A, S1S2 and 6ALA in 8−1, K69A and R73E in 81. Intermediate bindingmode have K85A, R94A in 8−1, R42E, R94A and 6ALA in 81. Both thedistint and intermediate positions of the mutants suggest that in mode 8single mutations of the residues onstituting the binding sites K69site andR42site also ontribute to the observed deviations. We will not disuss indetail the deviations for the other onformations in mode 8, beause theWT study showed that they have di�erent impliations on the linker histonebinding. The interesting point here is that only onformation 81 depits apattern similar to the onformations 71, 72, 73, 74 and 75 with exeption ofK82V and R42E. This means that only these onformations might lead toa stable nuleosome-linker histone omplex, while the others ould lead to ametastable omplex depending on the level of lDNA opening.6.2.2 DynamisThe positional distribution of the mutant omplexes with respet to the WTdominant binding mode examined in the previous Setion 6.2.1 does not giveany information on the dynamis of the enounter omplex formation. Here,we will partially reveal some aspets of it through the residene time pertrajetory tres. This is the simulation time spent of a partile within distanewindows of 1 Å up to 150 Å. Although, it was proposed that the nuleosomeonformations 72, 73 and 81 are perhaps the most robust for linker histonebinding, we will still keep to the equilibrium onformation 70 as a referenestruture. The average (over 5 random generators) residene time tres pertrajetory in 1 Å slab for all mutants and onformations is given in Fig. 6.3.It is learly seen that the linker histone spends most of its di�usional timein a trajetory at a enter-to-enter distane d ∼61-63 Å. The WT linkerhistone binds to the nuleosome (Se. 5.6) at a separation lose to this valuefor all nuleosome onformations. In Fig. 6.3 we see similar behaviour for themutants as well, suggesting that all they form a di�usional enounter omplexat the nuleosomal DNA (nDNA) in the plane of the nuleosome (xy inFig. 5.6). However, the value of tres at∼ 60 Å spans approximately two ordersof magnitude for all mutants. This would imply that the interations lose tothe nuleosome are not so favourable with respet to the dynamis for some ofthe mutants. In addition, the plot depits a pronouned wing on the left peakside proposing that some mutants spend time at distanes in the range 30−55Å. Suh positions of the linker histone mutants are de�nitely not between63



CHAPTER 6. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE MUTANTS TO THE NUCLEOSOME
 0.001

 0.01

 0.1

 1

 10

 100

 1000

 10000

 100000

 1e+06

 1e+07

 1e+08

 20  40  60  80  100  120  140  160

tre
s , p

s

d (center−to−center), ÅFigure 6.3: Residene time tres pertrajetory (ordinate) versus enter-to-enter distane d (absissa) for all mu-tants and onformations.
 0.01

 0.1

 1

 10

 100

 1000

 10000

 100000

 1e+06

 1e+07

 1e+08

 20  40  60  80  100  120  140  160

tre
s , p

s

d (center−to−center), Å

70 D65K
S1S2

SITE1
SITE2
6ALA

Figure 6.4: Residene time tres pertrajetory vs d for nuleosome onfor-mation 70. Highlighted are the urvesfor D65K (blak), S1S2 (yan), 6ALA(magenta), SITE1 (green) and SITE2(blue).the linker DNAs where a 'stem' struture forms [71℄. Apparently, thesemutants appear to bind either below or above the ore body of the nuleosome(z axis in Fig. 5.6), whih is more positively harged due to the histoneotamer [137℄. Suh binding of the WT linker histone, however, does notfall into the 'stem' piture [32℄, although a model based on a photoativableross-linking data proposed an asymmetri position of the GH5 inside thegyres of the nDNA and lDNA [138℄. Therefore, the time spent in this areaan be attributed either to a formation of a unfavourable enounter omplexof mutants having redued positive harge or to a metastable loal minimumalong the di�usional path of the partile to its enounter omplex positionsidenti�ed in Setion 6.2.1.Figure 6.4 shows the same plot, but only for 70 nuleosome onformation.The urve shape for the other onformations does not show signi�ant dif-ferene. On the graph highlighted are the time distributions for the mutantsD65K, S1S2, SITE1, SITE2 and 6ALA. Seven simultaneous single mutationsof S1S2 (Table 6.1) redue dramatially its residene time in the range 40−80Å. Similar behaviour is observed for 6AlA and SITE1, whereas SITE2 followsthe WT distribution. The main di�erene between 6ALA and S1S2 (apartfrom R74A and R73A mutations, respetively) is the mutation of R94A inS1S2, whih dereases the residene time of the latter. In blak D65K showsa deviation from the urves in the range 35 − 40 Å, but have the highestpeak among all the mutants. Sine residue Asp65 is not diretly exposed tothe surfae of the GH5, but it is direted towards Lys55 [17℄, replaement of64



6.2. BD DOCKING AND ANALYSIS OF THE RESULTSits negative harge to positive would result in a eletrostati repulsive inter-ation between K55 and K65. To avoid this we modeled K65 pointing outfrom the GH5 surfae. In suh a way D65K an atively partiipate in thetNCP-GH5 interations around 60 Å rather than between 30 − 40 Å.In order to ompare qualitatively theory with experiment, the residenetimes obtained by the simulations (Fig. 6.5) and by the FRAP data [17℄(Fig. 6.6) were plotted. The �rst piture gives the total average residene

Figure 6.5: Total residene time pertrajetory up to 100 Å (ordinate) and60 Å (absissa) interpartile distane. Figure 6.6: FRAP time at 80% reov-ery (ordinate) versus 50% reovery (ab-sissa). Data from Brown et.al. [94℄times per trajetory up to distanes 100 Å (y axis) and 60 Å (x axis), whilethe seond piture depits the experimental FRAP reovery time for 80%(y axis) and 50% (x axis) [94℄. The times for S1S2, SITE1, SITE2 and6ALA are very short and qualitatively agree with experiment and are notshown. The experimental time is related to the distane, whih a mutantwith attahed green �uoresent protein (GFP) di�uses through, in orderto over the photobleahed region. Slow �uoresene reovery would meanshort passage distane and long time, i.e. the mutant stays losely boundto the nuleosome. In a similar way, the simulation residene time gives in-formation on the strength of the attrative interations within a spherialsurfae around the enter of the nuleosome. However, important to noteis that the time and length sales of the experiment and the simulation dif-fer onsiderably. Therefore, both plots an be ompared only qualitatively.Diagonal behaviour of the residene times is observed on both plots. Theexperimental WT time is longer than the time for the relevant mutants plot-ted, whih suggests that all these residue ontribute to binding to a di�erentextent (Fig. 6.6). Only K82V deviates from this behaviour, whih is seen onboth �gures. Interestingly, the simulation data are spread on both diretionaround WT in ontrast to the experiment. Completely di�erent behaviour65



CHAPTER 6. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE MUTANTS TO THE NUCLEOSOMEis observed for R42E, R47E, K52A, D65K and K97A and moderately di�er-ent for K40A, R47A, K55A, K59A, R74A and K55DD65K. The others arein qualitative agreement with the experiment. The intuitive longer time forD65K not observed in the experiment has been attributed to the struturalposition of K65 [17℄. The mutant K97A spends more time than the WT upto 60 Å as well as up to 100 Å. Residue K97 links the GH5 with the basiC-terminal domain of linker histone H5 and, thus, it should not be in diretontat with the nuleosome. Replaement to a neutral residue normallyshould lead to a lower a�nity to binding, whih is not observed for K97Aand K52A. This an suggest that these residues do not ontribute diretly tobinding. It is, however, more surprising the residene time of mutants R47Eand R42E. Suh dramati hange in the residene time indiates that bothresidues R47 and R42 favour signi�antly the binding proess, although themutants R42A and R47A spend less residene time up to 60 Å (Fig. 6.5).One would expet that addition of negative Glu should lead to repulsion andnot attration between the tNCP and the GH5. The positively harged sur-
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fae of the nuleosome histone ores might attrat both mutants and this aninrease their residene times lose to the tNCP (see Fig. 6.7). It is well seenthat R47E and R42E spend lots of time between 30 − 45 Å with R42E hav-ing a slight peak around 30 Å. This is a lear indiation that these mutantsdi�use lose to the positive histone ore. On the other hand, slight bumpsin this area are also seen for K52A and K97A, whih ould be attributed tothe same feature. In experimental onditions in vivo the histone ore surfaemay be sreened by adjaent nuleosomes without having diret ontat withthe aqueous environment.66



6.2. BD DOCKING AND ANALYSIS OF THE RESULTS6.2.3 EnergetisAnother determinant, whih an give insights into the strength of the dif-fusional enounter omplex is the interation energy between the moleules.The average eletrostati interation energy of eah mutant for onformation
70 is given in Fig. 6.8. We see that the most unfavourable enounter omplexis formed by the multiple mutants S1S2, 6ALA, SITE1 and SITE2. On theother hand, the most favourable omplex is formed by the mutant D65K.Surprisingly, a mutation from positive to neutral residue (K59A, K52A andK55A) leads to a slightly lower interation energy than for the WT. Thismeans that the residues K52, K55 and K59 do not ontribute to bindingin agreement with the FRAP experimental study of Brown et al. [17℄. Theorder of the single residues mutated to Ala and displaying ontribution tobinding is K69, R94, R42, R47, K85, R73, K97, R74 and K40. The lastresidue K40 has been also assigned to be a nonbinding residue [17℄. Thegraph (Fig. 6.8) learly demonstrates that the multiple mutants of seven(S1S2) and six (6ALA) residues derease substantially the interation energyin ontrast to the moderate derease by three (SITE1) and four (SITE2)simultaneous residue mutations. The higher ontribution to binding of onlythree residues in SITE1 (K69, R73, K85) than the four in SITE2 (K40, R42,K52, R94) an be explained by the more important single residues in SITE1,i.e. the binding site K69site.
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CHAPTER 6. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE MUTANTS TO THE NUCLEOSOMEof maximum 5 kBT for all onformations. The trend observed in Fig. 6.8for 70 is also onserved for the other nuleosome onformations indiatingthe highest interation energies for S1S2 and 6ALA. This implies that theenergetis of the di�usional enounter omplexes is not dramatially in�u-ened by the di�erent onformational hanges of the linker DNAs. In �rstsight this seems onfusing, but as it was shown in Setions 6.2.1 and 6.2.2all mutants form di�usional enounter omplexes between the linker DNAsfor all nuleosome onformations and this omplex is either symmetri orasymmetri with respet to the dyad axis. The interation energy omputedby the e�etive harges of the mutant moving on the grid of the nuleosomeshould not deviate muh if the mutants are plaed lose to the nDNA andlDNA at the same time.6.2.4 StatistisThe binding strength of eah residue either to nDNA or lDNA an be deter-mined by the weight fators (Eq. 5.3). The in�uene of the mutants on theresidue weight fators for 70 is plotted in Fig. 6.10 and Fig. 6.11. Residues 69and 97 are belonging to the binding sites K69site and R42site, respetively,whereas residue 59 belongs to the nonbinding site on the loop between helix 2and helix 3 (Fig. 3.3). Residue 85 is on the loop between the beta sheets loseto the hydrophobi Val87 and, thus, these 4 residues represent the surfaeof the GH5 from di�erent perspetives, whih are su�ient to desribe themutational e�ets on the GH5 orientation with respet to the nuleosome.The weight fators ωn and ωl were saled to the maximum possible weightvalue ωmax, i.e. on the plots 1 and 0 mean high and low binding strengths,respetively, to either nDNA or lDNA. The points observed on the plots givethe binding strength of a ertain residue (69, 97, 59 and 85 in Fig. 6.10 andFig. 6.11) belonging to the labelled mutants either to nDNA (ordinate) orlDNA (absissa). Only the points deviating from the behaviour observed forthe WT are labelled. For example, residue 69 (Lys in WT) binds prefer-ably to the nDNA with high strength in most of the mutant BD simulationsexept for the multiple S1S2, SITE1 and 6ALA and some single mutationslike R42E, R42A, R47E, R94A, K69A. The mutant K69A redues twie thebinding strength to the nDNA, but inreases it slightly to the linker DNA.On the other hand, the mutations S1S2, R73E, 6ALA and R42E shift theK69site towards lDNA, R42site together with residue 85 to the solvent, whileK59site ontats the nuleosomal DNA for S1S2 and R42E (see Fig. 6.10 andFig. 6.11). However, mutation of R42 to Ala does not display suh a distin-guishable e�et on the GH5 orientation. Similar behaviour is observedalso for the R47E, whih rotates K69site to the solvent with K59site and68



6.2. BD DOCKING AND ANALYSIS OF THE RESULTS
Figure 6.10: Saled weight fa-tors for residues 69 (upper) and97 (down) for onformation 70alulated for di�erent dokedmutants.

R42site binding simultaneously to lDNA. This suggests that single mutationto glutami aid (E) on important residues for binding (see Fig. 5.11) anlead to a dramati orientational hange of GH5 with respet to the nuleo-some, whereas the replaement of positive to neutral alanine is not su�ientto overome the positive potential �eld of the surrounding residues in orderto indue a large displaement from the WT position. Single mutants to Alashowing slight in�uene on the GH5 sites are R42, R94, K69, R42, K97, R47,K85, K40 and K55. The latter three are seen in the plot of residue 85, whihspreads mainly on the lDNA site. All these residues have been onsidered toontribute signi�antly to binding in the experimental and our WT BD sim-ulation studies [17℄ (Fig. 5.11) with exeption of K40 and K55. The mutantsK40A and K55A only reorient the K85 loop between lDNA and nDNA, butdo not hange the main binding sites.So far we have disussed the e�et of the mutants on the enounter om-plex formed at nuleosome onformation 70. In order to quantify the bindingstrength at di�erent nuleosome onformations, we plotted the saled weightfators for the mutants K69A, K97A, K59A, and S1S2 (Fig. ??, Fig. 6.13,Fig. 6.14). Sine the weight fator desribes binding strength of a ertainresidue, we used the residues 69, 97 and 59 as a representatives for eah site69



CHAPTER 6. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE MUTANTS TO THE NUCLEOSOME
Figure 6.11: Saled weight fa-tors for residues 59 (upper) and85 (down) for onformation 70alulated for di�erent dokedmutants.

on the surfae of GH5. Thus, eah plot gives the binding strength of theresidue to all of the nuleosome onformations for a given mutant. At theplaes where point lusters are formed, the labelling is not important beausethe result does not deviate from the equilibrium onformation 70. For K69Aresidue Ala69 prefers to bind to nDNA for most of the onformations, butfor the open onformations 76, 81, 82, 83 K69site is direted to the lDNA(Fig. ??). On the other hand, Lys97 stays lose to the lDNA as proposedby the WT doking and only for 76 and 82 turns to the nDNA. Residue K59remains exposed to the solvent for all onformations. This means that K69Aa�ets mainly K69site position only for the more open onformations, i.e.this mutation ats loally, and brings a global hange for 76. Mutant K97Ashows deviation from the dominant WT binding mode for the losed onfor-mations 8−2 and 8−3, whih shift the R42site to the solvent and K69site tothe lDNA (Fig. 6.13). Interestingly, for the most open onformation of mode8, 82 and 83, R42site and K59site exhange their role for binding to lDNA.Mutant K59A also brings an orientational exhange, but between K69siteand R42site ontating lDNA and nDNA, respetively, for the extreme openonformations 76, 82 and 83 and the losed for mode 8 (Fig. 6.13). The datafor the single mutations suggest that the mutants slightly redue the binding70



6.2. BD DOCKING AND ANALYSIS OF THE RESULTS

Figure 6.12: Saledweight fators for themutant K69A expressedby one residue from eahsite on GH5 (K69site,R42site, K59site). Eahpoint represents di�erentnuleosome onforma-tion.
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CHAPTER 6. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE MUTANTS TO THE NUCLEOSOMEstrength of GH5, but does not hange its orientation for the most of thenuleosome onformations. Orientational hange upon mutation is observedmainly for the extreme onformations of both modes. Mutation of seven

Figure 6.13: Saled weight fators for the mutants K59A (left) and K97A (right)given by one residue from eah site on GH5 (K69site, R42site, K59site). Eah pointrepresents di�erent nuleosome onformation.residues in S1S2 leads to a derease in the binding strength for all onforma-tions (Fig. 6.14). In S1S2 two residues in the K69site (K69, R73) and twoin the R42site (R42, R94) are replaed by Ala. However, the K69site still72



6.3. SUMMARYbinds either to the nDNA or lDNA, whereas R42site appears to be nonbind-ing in ontrast to K59site. Thus, residue K97 itself annot keep R42site inthe dominant binding mode position, but residues R47 and R74 are su�ientfor having K69site bound. In general, the way the multiple mutants appear

Figure 6.14: Saled weight fators for the multiple mutant S1S2 expressed by oneresidue from eah site on the GH5. Eah point represents di�erent nuleosomeonformations. The range of the plots is [0.8,0.8℄.to ontat the nuleosome does not follow any systemati pattern regardingthe nuleosome onformations. The highly redued harge on the surfae ofGH5 makes it easier for the GH5 to sample more onformations in the on-�guration spae around the nuleosome rather than to be quikly attratedby the negative harge on the DNA.6.3 SummaryIn this hapter, we investigated i) the mutational e�ets and ii) onforma-tional hanges of the nuleosome on the binding mode of the GH5. For theanalysis, we followed a top-bottom approah. Firstly, we looked at the po-sitional distribution of the mutants with respet to the dominant bindingmode of the WT linker histone for all nuleosome onformations. We used a73



CHAPTER 6. BROWNIAN DYNAMICS DOCKING OF THELINKER HISTONE MUTANTS TO THE NUCLEOSOMEdetailed lassi�ation sheme for the highest doked representative for eahmutant giving a general piture for the di�usional enounter omplexes. Itwas shown that the multiple mutations ontribute signi�antly to the dif-ferent omplexes formed, while the single mutants displayed harateristissimilar to the dominant binding mode for onformations 72 → 75 and 81. Ifone assumed that the single mutants annot hange signi�antly the bind-ing mode then this observation would suggest that the onformations 72, 73and 81 are the most favourable for the linker histone binding. This is alsoin agreement with the literature, where the rystal struture of the equilib-rium onformation 70 has been resolved without the presene of the linkerhistone [4℄.Seond, the dynamis of the enounter omplex formation was representedby the residene time per trajetory within a ertain interpartile distane.The simulation data were ompared qualitatively with the FRAP experi-ment [17℄ and agreed for most of the mutants. However, the mutants R47Eand R42E showed longer residene time than the WT, whih was attributedto binding lose to the positively harged histone ore. In experimental on-ditions the histone ore surfae might be sreened due to the presene ofadjaent nuleosomes and, thus, preventing a lose ontat between R47E,R42E and the nuleosome.Third, the eletrostati interation energy revealed the order of the residuesstabilizing the enounter omplex and pointed out the small energeti devi-ations for all nuleosome onformations. The �ndings are in agreement withthe FRAP experimental data of Brown et.al. [17℄.Fourth, zooming into a �ner sale of the di�usional enounter omplexesthe ontribution of eah positive residue on the surfae of GH5 to bindingwas quanti�ed by weight fators, whih are indiators for binding strength.The data showed that the single mutants of positive residues redue slightlythe binding strength to the nuleosome and indue an orientational hangefor the extreme onformations. The multiple mutants in�uene signi�antlythe binding mode and a logial trend between all nuleosome onformationsannot be dedued.In summary, the e�et of mutations on the binding mode of GH5 is notadditive, i.e. the ontribution of multiple mutations to binding is not equal tothe sum of the ontributions of eah single mutant. Single mutants annothange dramatially the binding position of GH5, but they an indue anorientational hange in the di�usional enounter. The dominant bindingposition is onserved for most of the nuleosome onformations in mode 7,while in mode 8 only 81 shows similar harateristis to the results in mode 7.The residues belonging to K69site showed a slightly higher binding strengththan the residues onstituting the R42site.74



7Assoiation rates of GH5 to thenuleosome by Brownian Dynamis
The formation of biologial omplexes between proteins, proteins and smallmoleules, and proteins and nulei aids is ritial to many biologial pro-esses, inluding ell signaling, gene transription, enzyme atalysis, and theimmune response. Moleular assoiation is governed by both the kineti andthe thermodynami properties of the moleules and of the medium in whihthey are immersed. Inside a ell, the medium is paked with a wide varietyof di�erent moleules and is onsidered to be rowded. Biomaromoleularomplexes vary widely in their a�nities and lifetimes, ranging from obli-gate and permanent to transient and short-lived omplexes. In this hapter,only bimoleular assoiation to form a transient omplex will be onsidered.Complexation is usually haraterized in terms of a�nity, as weak (and loose)or strong (and tight). The variation in a�nity is often largely determinedby the variation in dissoiation rate. Assoiation rates an, however, alsovary over many orders of magnitude between omplexes and an be riti-al in the biologial ontext. For example, the snake toxin fasiulin mustnot only strongly inhibit aetylholinesterase (an enzyme that is ritial toneural transmission) but also reah its target quikly [139℄. Similarly, theintraellular inhibitor barstar protets the baterium Baillus amyloquefa-iens from the enzyme barnase, whih it exretes to at as an extraellularribonulease [140℄. Furthermore, the speed at whih the la repressor bindsto its hromosomal la operator regulates gene expression in the ell [141℄.The bakbone of nulei aids ontains negatively harged phosphategroups. This negative eletrostati potential (Fig. 5.7) leads to attrationof nulei aids to proteins with positive binding sites. Therefore, the forma-tion of a nulei aid-protein omplex is strongly governed by eletrostatiinterations, whih enhane the assoiation rate. Suh rate enhanementwas predited by applying a method alled PARE to an atomisti model ofprotein-RNA (U1A-U1SLII) interations [142℄. The results based on hang-75



CHAPTER 7. ASSOCIATION RATES OF GH5 TO THENUCLEOSOME BY BROWNIAN DYNAMICSing the ioni strength and making mutations have been shown to be onsistentwith experiment [142℄.In this hapter, the nuleosome-linker histone H5 omplex formation isinvestigated from a kineti point of view by Brownian Dynamis simulation.Assoiation rates to the dominant di�usional enounter omplex are om-puted for 11 di�erent strutures of GH5 with the program SDA5 (Se. 4.2.2).7.1 Brownian Dynamis set upAssoiation rate alulations were arried out for 11 linker histone struturesdi�using towards 3 nuleosome onformations (70, 76 and 83). Conformations
76 and 83 showed a distint e�et on the di�usional enounter omplex andtherefore it is reasonable to quantify the e�et on assoiation rates on them aswell. The linker histone mutants K40A, K55A, K69A, R42A, R47A, R73A,R74A, K85A, R94A, K97A and the WT were used in the simulations. Thesesingle mutated residues are part of the positively harged linker histone sur-fae. In addition, the basal assoiation rates1 of the WT to 70, 76 and 83 wereomputed. We will use the notation of 'assoiation rates' for rates omputedwith fores present and 'basal assoiation rates' for rates omputed withoutfores.Eletrostati potential alulationsEletrostati alulations for all strutures were performed with a newer ver-sion of APBS (APBS 1.1.0 ) [101℄. The input parameters for solving thePoisson-Boltzmann equation on a ubi grid were slightly modi�ed (in om-parison with the listed parameters in Chapter 5). The boundary ondi-tion was hanged from single Debye-Hükel (sdh) to multiple Debye-Huekel(mdh) sphere and the method by whih the point harges are mapped ontothe grid was hanged from trilinear interpolation using the nearest neighbourgrid points (spl0) to ubi B-spline disretization using also the next-nextnearest neighbour (spl4). This was aimed at giving better auray, althoughsigni�ant di�erenes on the results between both eletrostati alulationsshould not be observed. All the other parameters remained the same. Theeletrostati potentials of the mutants were omputed with APBS on smallergrids, 973 points (1 Å spaing), in omparison to the muh larger grids used(2003, 1 Å spaing) in the BD doking omputed by UHBD. In suh a waythe BD omputational time an be redued. The other parameters for the1Basal assoiation rate is alulated without fores between the moleules76



7.1. BROWNIAN DYNAMICS SET UPlinker histones were not altered. The parameters for omputing the e�etiveharges remained the same.Eletrostati desolvation alulationsFor the assoiation rate omputation, the short-range interations annot benegleted, beause the rates are omputed with respet to the fully boundomplex. Therefore, the eletrostati desolvation potential aounting forthe unfavourable displaement of water upon binding should be inluded. Itwas omputed on a ubi grid and used in Eq. 4.12 with 2203 and 603 pointsfor the nuleosome and linker histone, respetively. The grid spaing was setto 1 Å and the ioni strength to 100 mM.Bound omplex de�nitionThe di�usional enounter omplex, an intermediate state marking the end-point of di�usion of two biomoleules toward eah other, plays an importantrole in determining the assoiation rates. However, its struture annot bediretly determined experimentally [143℄. Usually, the rates are omputedfor the di�usional enounter omplex (assuming the proess is di�usion-ontrolled) using loose native ontats riteria based on an experimentallybound omplex (Se. 4.2.2). In this study we used the struture of the dom-inant enounter omplex determined by the BD (Chap. 5) as a basis for thereation riteria de�nition. Suh an approximation an be onsidered to beaurate by means of the highly attrative eletrostati potential betweenthe nuleosome and the linker histone as well as by the ignored repulsiveshort-range desolvation penalty in the BD doking (Chap. 5).The donor-aeptor ontats were omputed within a distane dpairs = 6Å. In the simulations only the independent ontats de�ned by the distane
dind = 6 Å were ounted (Se. 4.2.2). The tNCP-GH5 omplex obtained inthe onformation 70 for the WT was used for the ontat de�nition for allsimulations. It had 8 independent out of 1027 dependent pairs.In the simulations, the short-range repulsive interations were onsideredby the desolvation penalty grid, while the hydrophobi desolvation intera-tions were negleted. The time step was hanged from 0.25 ps to 1 ps inomparison with the BD doking runs. The monitoring of the reation ri-teria was realized in a window distane of 20 Å ranging from 3 to 23 Å witha step of 0.5 Å. For eah system (nuleosome-mutant) the number of runswas set to 2500 and 4 simulations with di�erent random generators werearried out, i.e. in total 10000 trajetories were arried out. For the alu-lation of the basal rates a single run with 10000 trajetories was performed.77



CHAPTER 7. ASSOCIATION RATES OF GH5 TO THENUCLEOSOME BY BROWNIAN DYNAMICSThe omputational time varied from 113 to 512 CPU hours per simulation.Trunation time thit was not used in these simulations.7.2 Assoiation rates resultsFirst, assoiation rate results for the referene nuleosome onformation 70will be shown and after that these results will be ompared with the extremeonformations 76 and 83. The rate dependene of the ioni strength was notevaluated in the urrent study and a onstant ioni strength of 100 mM wasused for all alulations.7.2.1 Rates to the referene struture 70Figure 7.1 shows the assoiation rates for the WT-nuleosome (70) omplex-ation. The omputed rates are presented with respet to the distane fora formation of 1, 2, 3 and 4 ontats. The absolute values of the rates arein the range of Smoluhowski rate (109 M−1s−1) (Se 2.5.1), whih is theupper limit for di�usional assoiation between two uniform spheres with-out fores between them. Several aspets in regard to Smoluhowski rateshould be onsidered. First, the geometrial shape of the nuleosome is nota sphere and the linker DNAs narrow the binding path of the linker histone.Although the GH5 resembles a sphere, the geometrial onsideration of
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7.2. ASSOCIATION RATES RESULTS
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aetylholinesterase-fasuulin kinetis [104℄. On the other hand, sine themoleules are oppositely harged and the di�usive proess up to the enounteromplex is governed by long-range eletrostati interation, this an lead tohigh assoiation rates. The basal assoiation rates an be used as a referenepoint for quantifying the eletrostati ontribution to the binding kinetis.Figure 7.2 ompares the basal assoiation rates with the rates plotted inFig. 7.1. Two features are well seen, �rst, the assoiation rates are higherthan the basal assoiation rates and, seond, the basal assoiation rates arealso in the range of Smoluhowski rate. While the �rst feature is not surpris-ing and learly indiates rate enhanement due to the attrative eletrostatiinterations, the seond observation suggests that even only in the preseneof exlusion grids the seond protein still binds fast to the nuleosome. Inorder to quantify this e�et, a rough estimate of the basal assoiation rate
kon given by Eq. 2.32 was done. In the BD simulations the relative trans-lational di�usion onstant was set to 0.0185 Å2/ps and the basal rate at aenter-to-enter distane of 62 Å, whih is the position of the di�usuonalenounter omplex, was alulated. The result yielded kon = 2.4 × 108 M−1s−1 and this value is omparable with the basal assoiation rate for a for-mation of 4 ontats at a distane ∼ 4 Å (Fig. 7.2). Important to note isthat the above alulation is only approximate for the ase of two uniformlyinterating spheres. Although this is not the ase in the simulations, onewould expet the shape of the nuleosome to lower the basal rate. However,79



CHAPTER 7. ASSOCIATION RATES OF GH5 TO THENUCLEOSOME BY BROWNIAN DYNAMICSthe basal assoiation rate is higher than the analytial solution. This impliesthat geometrial onsiderations should be taken into aount in order to un-derstand this observation. In addition, the di�usive entrapment e�et [45℄an also ontribute to an inrease of the rates.Rate enhanement due to eletrostati interations may result in an in-rease of 100-fold in kon as it was found for about 25 protein-protein om-plexes [144℄. The rigid body dynamis does not inlude any onformationalrearrangements and motions of the moleules during the di�usional proess.In general, there is more than one intermediate state in the assoiation pro-ess, beause protein-protein binding onsists of multiple steps: di�usion,onformer seletion and refolding or indued �t [145℄. A signi�ant indued�t was found in the ase of fasiulin 2 (Fas2) binding to aetylholinesterase(AhE), two proteins that bind with a very high assoiation rate onstant.It was found that the onformation of Fas2 able to bind AChE is not stablein the unbound form of Fas2 and that the assoiation proess should followa onformational hange of a stable form of Fas2 that is not omplementaryto AChE [146, 147℄. Hene, the �exibility an also a�et the binding ki-netis to either reduing or inreasing the assoiation rates. Hydrodynamiinterations an have similar e�et, but they will not be disussed.To our knowledge experimental data on the assoiation rates for linkerhistone binding to the nuleosome are laking and, hene, we will emphasizeon the relative ontribution of eah mutant to the binding kinetis. Sinethe di�usional enounter is best desribed by at least two ontats [143, 148℄only the kon for two and three ontats of the WT and mutant proteins aredepited in Fig. 7.3. The WT data are shown in red, whereas the mutants arerepresented by blak. We see that at short distanes most of the mutants bindslower than the WT. Inreasing the number of ontats leads to divergene ofthe mutant rates with respet to the WT rates at short distanes. The reasonis the additional polar (hydrogen) ontat whih has to be formed and in theabsene of one harged residue on the surfae of GH5, the probability of suha formation dereases. It is an e�et of both, harge and side-hain geometry,whih a�et the ontat formation in the di�usional enounter omplex.The next plot (Fig. 7.4) ompares the assoiation rates at 5.5 Å distanefor 2 and 3 ontats. At this distane a mutational assoiation rate study ofbarnase and barstar [149℄ has shown good agreement between experiment andsimulation for 2 ontats and at a distane of 7 Å for 3 ontats. However,in the study [149℄ eletrostati desolvation was not used. When desolvationpenalty to the di�usional proess is applied then a distane of 7.5 Å hasgiven the best results for the rates [104℄. Here, we are mainly interested inthe relative ontribution of the rates and therefore the hoie of the distaneis not of major importane. Surprisingly, in both urves K97A shows faster80
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Figure 7.4: Assoiation rates at distane 5.5 Å for 2 (red) and 3 (blue) ontatsare plotted versus the di�erent protein strutures. Standard deviations are givenin bars.binding than WT. As it was disussed in Setion 6.2.2 residue K97 links theGH5 with its C-terminal domain. Therefore, it might be that K97 does notpartiipate diretly to binding, but has only an overall e�et to the R42site.This an explain its assoiation rate lose to the WT (within the error). Un-hanged rates display also K40A and R94A. While the former was onsideredas nonbinding in the BD doking, the latter is a part of the binding R42site.R94A was also identi�ed as having high binding strength to lDNA (Fig. 5.11)and its low ontribution to the binding kinetis is surprising. Also R42A fromR42site shows a small relative derease in the assoiation rate in ontrast toK85A, whih has the smallest rate for two ontats (Fig. 7.4). On the otherhand, the mutants onstituting the K69site (K69A, R73A, R74A and R47A)show a distintively unfavourable behaviour in terms of kinetis with respetto the WT. This means that positive mutations on helix 3 disrupt signif-iantly the kinetis of the linker histone-nuleosome system, although thebinding doking mode is slightly a�eted (Chap. 6). We an speulate thatthe hardly notieable relative e�et on the assoiation rates for the mutantson the R42site is due to onformational hanges on R42site upon binding,whih are not taken into aount in our model. Site R42site is loated onloops, whih are more �exible than the alpha helies, where K69site is situ-ated (helix3). Another explanation an be related to the way in whih theproteins bind to the DNA (spei�ally or nonspei�ally), whih an explain81



CHAPTER 7. ASSOCIATION RATES OF GH5 TO THENUCLEOSOME BY BROWNIAN DYNAMICSthe observation of assoiation kineti rates higher than the Smoluhowskirate [150℄ (Fig. 7.3). These studies suggest three-dimensional (3D) di�usionof the protein to the DNA followed by one-dimensional (1D) di�usion of theprotein along the DNA to form a bound omplex. This type of di�usion isreferred to in the literature as failitated di�usion. Slutsky and Mirny [151℄proposed that for an optimal searh for the target DNA, a protein shouldspent half of its time in 3D di�usion and the other half in 1D di�usion, slid-ing along the DNA. Their study aimed at quantitatively investigating thespei� and nonspei� binding of proteins to DNA. However, a theoreti-al lattie Monte Carlo study [152℄ of transription fators (TFs) binding toDNA moleules showed that even if only 15% of the di�usional searh time isspent freely in solution, the timesale of target loation is onsistent with ex-perimental measurements. In this di�usional searh, the TFs might exhibitonformational hanges, whih ould a�et the assoiation rate onstant.Suh onformational hanges during the searhing and sliding mehanismhave been investigated to detet the shortest binding time to the DNA on-sistent with thermodynamis [153℄. Also, a protein an jump from one DNAsegment to another without dissoiating, a proess alled intersegment trans-fer. In this way, the protein an bind spei�ally to the target site and a rateenhanement an be observed [154℄. Lattie simulations [155℄ showed thatinreasing the nulei aid hain density inreases the protein di�usion in thease of intersegment transfer. Moreover, the di�usion oe�ient appeared tobe reiproal to the hain density in 1D sliding on the DNA. Consequently,if the GH5 �rst slid along lDNA1 with K69site and then binds spei�ally tothe dominant binding position performing a rotation of K69site and R42sitetowards nDNA and lDNA1, respetively, then the R42site would ome intoontat to lDNA1 only at the end of the 1D di�usion. In this way, the as-soiation rates for the mutants on R42site would not deviate muh from theWT, something what we observe in Fig. 7.4. Unfortunately, full trajetorieswere not reorded during the BD runs and we annot on�rm or rejet thishypothesis.7.2.2 Rates to the extreme onformations 76 and 83Assoiation rates of the WT binding to three nuleosome onformations areplotted in Fig. 7.5. The extreme onformation 76 shows the highest rate,while onformation 83 exhibits slower binding behaviour. It should be pointedout that the highest doked position of WT found on onformations 76 and 83is loated on the lDNA2 and not in the lDNA1 (see Chapter 5). The higherrate for 76 is reasonable, beause the more open onformation would notrestrit sterially the approah of the linker histone. Ramzi and Zhou [156℄82



7.2. ASSOCIATION RATES RESULTSshowed analytially that the assoiation rate for a protein binding nonspei�-ally by failitated di�usion to a short linear DNA is higher than to a irularDNA. The linker DNA1 in onformation 76 is more straight with respet tolDNA1 in 70 (Fig. 5.5). On the other hand, lDNA1 in onformation 83 is morebent with respet to lDNA1 in 70, although the dyad is easier aessible. Thisan explain the di�erenes in the assoiation rates. However, the absolutemagnitude of the rates at distane 6 Å varies from 1.17×1010 to 1.35×1010M−1s−1 for the onformations, whih is even smaller inluding the errors.Generally, the nuleosome onformation does not in�uene signi�antly thebinding kinetis of the WT, whih an be also seen in Fig. 7.6 for the basalassoiation rates. The plot illustrates onvergene of the basal assoiation
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Figure 7.5: Assoiationrates of the WT for 2ontats for nuleosomeonformations 70 (red),
76 (blue) and 83 (green).Standard deviations aregiven in bars.

rates at small distanes for all three nuleosome onformations. At a distaneof around 6 Å the basal assoiation rate of the WT is independent on thenuleosome onformations. Comparing the rates with and without eletro-stati fores, one an see that the relative assoiation rates between 70, 76and 83 are larger than the relative basal assoiation rates. Nevertheless, themagnitude of suh a deviation is small and obvious onlusions about thee�et of the nuleosome onformations on the WT assoiation rates annotbe drawn.Figure 7.7 indiates the assoiation rate dependene of linker histonemutants as well as of the nuleosome onformations for 2 ontats formationat 5.5 Å. The urves follow the shape of the assoiation rates of WT in 70for mutants K69A, K85A, K97A, R47A and R74A. The assoiation rates ofthe other mutants display some deviation from the WT pattern, whih doesnot seem to a�et signi�antly the absolute value of the assoiation rates.83



CHAPTER 7. ASSOCIATION RATES OF GH5 TO THENUCLEOSOME BY BROWNIAN DYNAMICS
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7.2. ASSOCIATION RATES RESULTSompared with. At the same time, more investigations are needed in de-termining the ontributions of the C-terminal domain of H5 and the ionistrength dependene of the assoiation rate as well as on the sliding meha-nism of the GH5 along DNA.
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8Flexibility in Brownian Dynamissimulation
One of the drawbaks of the Brownian Dynamis method used in this study(Se. 4.2) is the restrition of the partile motion to only six degrees of free-dom - translation and rotation. Large onformational hanges during thedi�usional proess an, however, in�uene the bimoleular dynamis andinterations as it was shown in the previous hapters. Without violatingthe approximations taken in the BD algorithm, we introdue a method a-ounting for large onformational hanges on the solute partile in the BDsimulation. Firstly, we give a short overview of sampling tehniques, thenthe methodology and implemention in the Brownian Dynamis ode is dis-ussed and in the end we show preliminary results on the appliation to thenuleosome-linker histone omplex formation.8.1 Metropolis Monte Carlo algorithmMonte Carlo (MC) methods are stohasti omputational methods appliedto big systems having a large number of oupled degrees of freedom. Ingeneral, the MC algorithm relies on a random number piked at eah sim-ulation step and aording to it moving the system to a new state in thephase spae. This method is important in statistial physis, for example,for omputing thermal averages. However, in order to be aurate, this sam-pling should omprise a large region in the phase spae, i.e. a large numberof states should be generated randomly. When the generated states are notompletely random, but follow a probability funtion, whih assists the sys-tem towards its thermal equilibrium, then only a representative set of statesan be su�ient to desribe the system properties well. This sampling isalled importane sampling.If a on�guration in the phase spae is denoted by X then the probability87



CHAPTER 8. FLEXIBILITY IN BROWNIAN DYNAMICSSIMULATIONof this on�guration an be expressed by a Boltzmann fator
p(X) ∼

1

Z
exp

(
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E(X)

kBT

)

,
�
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�
�8.1where E(X) is the energy of the system in this partiular on�guration Xand Z is the partition funtion (Eq. 2.4). Con�gurations with probabili-ties given by Eq. 8.1 an be generated either ompletely randomly or in asuessive way Xn, Xn+1, Xn+2, . . . ,. The latter approah is alled Markovhain and eah on�guration depends only on the previous one. The ini-tial on�guration X0 is randomly hosen and the next one is onstrutedthrough a transition probability T (Xn−1 → Xn), whih gives the probabilityto move from onformation Xn−1 to Xn. For this hain of on�gurations withequilibrium probability pequil, the detailed balane ondition should hold

pequil(Xn)T (Xn → Xm) = pequil(Xm)T (Xm → Xn).
�
�

�
�8.2The above equation implies that the sampling path is reversible, whih meansthat the probability of any on�guration remains the same during the sim-ulation. If T (Xn → Xm) 6= 0 and T (Xm → Xn) 6= 0 then Eq. 8.2 an berewritten in the form
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�8.3When a step from on�guration Xn to Xm is not possible, the transitionprobability reads T (Xn → Xm) = 0. The reverse relation T (Xm → Xn) = 0should be ful�lled as well, whih means that any two arbitrary on�gurationsof the system must be adjaent in order to have a suessful step. Thus, theprobability ratio between both on�gurations (states) depends on the energydi�erene between them.An algorithm based on the Markov hain proess, alledMetropolis method[157℄, takes advantage of the probability energy dependene of eah state andevaluates whether a new step Xm an be aepted or rejeted (Xn) as follows:� if E(Xm) < E(Xn) then the state with energy E(Xm) is aepted� if E(Xm) > E(Xn) then the probability ratio is evaluated
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�8.4and a random uniform number b ǫ [0, 1] is drawn out and if Pnm > bthen the state with energy E(Xm) is aepted, otherwise it is rejeted.88



8.2. METHODOLOGYThe way arbitrary adjaent states are hosen does not a�et the �nal equi-librium distribution as long as the detailed balane holds. However, it willhave an e�et on how fast this equilibrium is reahed and the more statesare generated, the longer the time will be.8.2 MethodologyThe �exibility of biomoleules is di�ult to model in atomi detail whenbiologial proesses at time sales larger than hundreds of nanoseonds areof interest. In Brownian Dynamis, the seond protein performs Browniansteps aording to the Ermak-MCammon algorithm (Eq. 4.4) (see Fig. 4.1),where it is assumed that the time step ∆t is muh larger than τv = mD/kBT ,where τv is the momentum relaxation time. The parameter m is the partilemass and D is the di�usion onstant. Atually, only the time for analysis ofBD has to satisfy this requirement. This requirement says that the positionalrelaxation time is muh longer than the veloity relaxation time ensuring adi�usional proess takes plae. On the other hand, the time step ∆t must notexeed the time at whih the fores and torques annot be onsidered on-stant. Hene, the BD dynamis proedure is highly dependent on the hoieof the time step, whih is ruial for performing physially orret samplingof the on�gurational spae. During the di�usional proess in the BD, thetime step ∆t is de�ned by ∆t1 and ∆t2, where ∆t2 > ∆t1. The time step ∆t2aims at reduing the omputational time at sampling in regions whih arefar away from the target loation, i.e. it has a value several times larger than
∆t1 at distane x2. The atual value of ∆t2 varies linearly with the distane,approahing ∆t1 at distane x1 (x1 < x2). Therefore, not only the time steps
∆t1 and ∆t2, but also the distanes x1 and x2 are important parametersin�uening the omputational time as well as the sampling auray.A method by whih the �exibility of the target moleule an be takeninto aount without a�eting the separation of slow and fast proesses inthe BD is developed. The general idea is as follows: the energy landsapeof a biomoleule has many loal and global minima, whih stand for di�er-ent onformational states. These onformational states an be adopted bythe biomoleule at any time with di�erent probabilities. If we know thattwo onformational states are separated by a barrier the rossing of whihrequires long time sampling, e.g. ns or µs time sale, then we an neglet thetransition path and look only at the two onformational states. If next, thebiomoleule again moves to another long living state, whih depends onlyon its previous state then this motion an be desribed as a Markov hainproess. However, it might appear that the moleule is in a long living state89



CHAPTER 8. FLEXIBILITY IN BROWNIAN DYNAMICSSIMULATIONbetween two other suh states. Consequently, if we onsider a three pointshain and the biomoleule is positioned on the middle point (state) then itan move either right, left or stay in the same state if the barriers to ross aretoo high. In this way the onformational states an be represented as disretestates in the on�gurational spae, where the biomoleule jumps from stateto state with the same rate. Thus, if these states are known in advane fromomputational tehniques for modelling �exibility like MD, NMA, et., theyan be inorporated in the BD proedure as disrete objets whih exhangewith eah other with a ertain rate. Details about the implementation aregiven below.8.2.1 ImplementationThe new method was implemented in the SDA5C, a version of SDA, a Brow-nian Dynamis doking program, reording omplexes satisfying prede�nedonstraints (Se. 4.2.2). The programming ode of SDA is Fortran. Thetarget moleule, moleule 1, an be represented by di�erent onformationsobtained by other methods. Then, all these onformations an be treated asdi�erent moleules and grids and harges an be assigned to eah of them.The idea is that the seond moleule, moleule 2, will di�use towards moleule1 and, after a ertain time tconf spent within a enter-to-enter distane lessthan x1, moleule 1 will hange its onformation if ertain riteria are satis-�ed (disussed below), i.e. di�erent exlusion and fore grids will be assignedto it. This proess will be repeated until the simulation ends. The way it isdone is as follows: initially, the number of the onformations (ngrid1), i.e.the grids, and the initial onformation (nstart) of moleule 1 are assigned.In addition, two other parameters are given at input; the time tconf at whiha new onformation for the region of the time step ∆t1 is hosen2 and themethod (gmethod) by whih a new grid (onformation) is seleted. Thenumbers nstart and ngrid are important, beause the �rst gives the startingmoleule 1's onformation for eah trajetory, while the seond yields theorder by whih the onformation's seletion algorithm is applied. At eah
tconf , the adjaent onformations (exlusion grids) of moleule 1 are hekedfor overlaps with the urrent state Ω(r, θ) of moleule 2, and those with over-laps are rejeted from the seletion algorithm. Let the urrent onformationof moleule 1 at time tconf has an interation energy Ei(ri) with the moleule2. Having the moleule 2 �xed, its interation energies with the adjaentonformations of moleule 1, if available, are Ei−1(ri−1) and Ei+1(ri+1). The1ngrid ≥ 12Only if seletion riteria are satis�ed, see below90



8.2. METHODOLOGYseletion algorithm is applied only if the number of new possible onforma-tions at time tconf is greater than zero. Four di�erent methods for seletinga new onformation were implemented:Energy algorithm (gmethod = 1)When an energy algorithm is hosen (gmethod = 1) the onformation withthe lowest interation energy Emin(r) is seleted,
Emin(r) = min

[

Ei−1(ri−1), E
i(ri), E

i+1(ri+1)
]

�
�

�
�8.5and the BD step is performed. This algorithm samples the on�gurationspae towards an energy minimum. However, it has the disadvantage ofbiasing the system downhill to a loal minimum from whih it annot esape.Modi�ed Metropolis algorithm (gmethod = 2)Themodi�ed Metropolis algorithm (gmethod = 2) uses the standard Metropo-lis method (Se. 8.1) when only two onformations Ei(ri) and Ei−1(ri−1) (or

Ei(ri) and Ei+1(ri+1)) are available. When three onformations, Ei−1(ri−1),
Ei(ri) and Ei+1(ri+1) exist then the modi�ed Metropolis method is performed� if Emin

adjacent(r) = min [Ei−1(ri−1), E
i+1(ri+1)] ≡ Emin(r) then Emin(r) isaepted� ifEi(ri) ≡ Emin(r) = min [Ei−1(ri−1), E

i(ri), E
i+1(ri+1)] then Metropo-lis algorithm is applied for onformations with energies Ei(ri) and

Emin
adjacent(r).This method is more e�ient than the energy algorithm when the on�gura-tion spae is large.Random energy algorithm (gmethod = 3)The random energy algorithm (gmethod = 3) prohibits the urrent onfor-mation Ei(ri) and the system always moves to a new state. If there aretwo new onformations Ei−1(ri−1) and Ei+1(ri+1) then the state with energy

Emin
adjacent(r) = min [Ei−1(ri−1), E

i+1(ri+1)] is seleted. This algorithm has thedisadvantage that it an be also trapped in a loal minimum and �utuatebetween two states without onvergene. 91



CHAPTER 8. FLEXIBILITY IN BROWNIAN DYNAMICSSIMULATIONRandom algorithm (gmethod = 4)The random algorithm (gmethod = 4) relies on a uniform random number
b ǫ [0, 1] generated at time tconf . A new onformation is hosen with prob-ability of pthree = 1/3 and ptwo = 1/2 among three and two onformations,respetively. The random algorithm does not inlude omputation of inter-ation energies at eah tconf and it makes it faster than the previous threeseletion proedures. However, it is not based on rigorous physis.
8.2.2 Disussion and limitationsThe method desribed an be applied to a large range of biomoleules, whihundergo onformational hanges upon interation with other biomoleules.There is no restrition on the number of onformations (ngrid), although verylarge biomoleules may ause omputational memory problems. Equally timedistributed onformations are reasonable for strongly interating moleules,while for weak moleular interations this is not neessary. In priniple, dueto the disretization of the onformational states the ideal physial situationfor more aurate BD run would be when the transition path between thestates is muh shorter in time than the time spent within a ertain onfor-mation. This implies that the transition rate is very high. Then one wouldnot worry about the in�uene of the intermediates, not sampled, states onthe dynamis during BD simulation. Suh states an be sampled if the res-olution of the onformational path is inreased, but, �rst, it would not beomputationally feasible and, seond, the inreased resolution have a limit:the time tconf ≥ ∆t1. This limit annot be overome without violating theapproximations taken in the BD algorithm. It is worth mentioning that fora su�ient long simulation and for a large number of ngrids onvergene tothe equilibrium enounter omplex should be ahieved. In addition to theinteration energies and omplexes reorded, the new version of SDA, reordsthe number of suessive trials3, the trajetory number, the interation en-ergies (random numbers for gmethod = 4 instead), the simulation time andthe onformation at eah tconf .3'Suessive' trial means when a seletion algorithm during the run is applied regardlessof the outome.92



8.3. APPLICATION TO THE NUCLEOSOME AND THE LINKERHISTONE8.3 Appliation to the nuleosome and the linkerhistoneThe method desribed was applied to tNCP-GH5 BD doking using SDA5Cprogram. Nuleosome onformations were hosen from the NMA analysis(Se. 5.2). Five onformations were hosen from mode 7 (70, 71, 72, 73, 74)and mode 8 (8−2, 8−1, 80, 81, 82). If we assume that the absolute valuesof the eigenfrequenies are not arbitrary, but have physial meaning, thenthe period T for eah mode an be alulated and the time distributionbetween the onformations evaluated. The eigenfrequenies of mode 7 and 8are ω7 = 1.69 cm−1 and ω8 = 1.46 cm−1, respetively. Then, the periods read
T 7 =

1

cω7
= 19, 7 ps T 8 =

1

cω8
= 14.9 ps,

�
�

�
�8.6where c is the speed of light. On eah harmoni approximation 15 onforma-tions were derived from the NMA (Fig. 5.3) having 14 time intervals betweenthem. Then eah time interval is given by

∆t7NMA = 1.41 ps ∆t8NMA = 1.06 ps.
�
�

�
�8.7These time steps are very lose to the time step ∆t1 = 1 ps, whih is usuallyused in the BD simulation. This alulation estimates that the transitionfrom one onformation to another is approximately 25% slower in mode 7than in mode 8. It also suggests that two BD runs for mode 7 and 8 should berun with di�erent tconf in order to have aurate relative dynamis betweenthe modes. However, as it was already disussed solvent damping and anhar-moni e�ets might ontribute signi�antly to NMA dynamis. Intuitively,this ontribution would result in longer time intervals between the di�erentonformations. Sine we observe large onformational hanges of the linkerDNAs we an assume that these onformations happen in the nanoseondtime sale. In order to test the new method aounting for �exibility during aBD run, three di�erent times tconf = 1, 10, 100 ns were assigned and for eahof them three seletion algorithms gmethods = 1, 2, 4 were applied. In total18 BD runs were arried out with the same input parameters as in SDA4C.The relevant parameters were x1 = 130 Å, x2 = 180 Å, ∆t1 = 0.25 ps and

∆t2 = 20 ps. In the simulations onformation 70 was hosen as a start on-formation (ngrid = 1) and 74 was the last (ngrid = 5) in mode 7. In mode8 onformation 80 was seleted for beginning of eah run (ngrid = 3), 8−2(ngrid = 1) and 82 (ngrid = 5) were the extreme onformations.First, results using gmethod = 1 will be shown. Eah point on the plotsindiates the onformation seleted after applying a seletion algorithm. Fig-ure 8.1 and Fig. 8.2 give the interation energy (eletrostati) for mode 793



CHAPTER 8. FLEXIBILITY IN BROWNIAN DYNAMICSSIMULATIONbetween the GH5 and a nuleosome onformation (seleted) at a enter-to-enter distane d and at the simulation time, respetively. Eah plot illus-trates three BD runs (tconf = 1, 10, 100ns). Aording to the energy algorithmthe energy Eel is the lowest energy onformation (labelled on the plot) outof the onformations partiipating in the seletion algorithm. It is well seenthat in the simulation with the shortest transition time (1 ns), the largestnumber of trials is performed. For the three simulations the energy tendsto derease with the distane and at a ertain distane no more seletiontrials are performed. Atually this is the point where either the simulation istrunated due to reahed time of thit = 0.2 ms for all sampled trajetories ordue to overlaps no more trials are possible. Here the plots show the data ofthe last trajetory (3) in the simulation, whih is the only one with seletiontrials performed. This plot (Fig. 8.2) shows only the energy distribution forall trials, but does not show the order of the seleted onformations. Thetrial energy dependene of the simulation time is given in Fig. 8.2. TheGH5 approahes the nuleosome searhing for an energetially favourablenuleosome onformation, whih for 1 ns, 10 ns, 100 ns are onformations 70(ngrid = 1), 72 (ngrid = 3) and 74 (ngrid = 5), respetively. It means thatthe hoie of the transition time is important for the �nal result, althoughfor very long simulations with a large number of trajetories the data shouldonverge to a single onformation. Figure 8.2 is only indiative and does notaim at showing the hosen onformation (labelled points) at eah trial. InFig. 8.9 this will be disussed and shown at higher resolution for tconf = 1ns.Around a miroseond simulation time for 1ns transition time, the GH5 waswithin the distane x1 and many trials were done. Generally, both plots indi-ate that the seletion algorithm assists the GH5 to �nd the most favourablepath to the enounter omplex.Figure 8.3 and Fig. 8.4 display similar behaviour for mode 8 with lessseletion trials performed for eah run4. The reason might be more overlapsdue to the more losed onformations 8−2 and 8−1. In mode 8, the linkerhistone �nishes its di�usional motion on onformations 82, 82 and 81 for theruns with tconf = 1 ns, tconf = 10 ns and tconf = 100 ns, respetively. In thismode, GH5 prefers the more open onformations than the equilibrium one
80. The modi�ed Metropolis algorithm (gmethod = 2) gives slightly betteronvergene towards the minimum state (Fig. 8.5, Fig. 8.6, Fig. 8.7, Fig. 8.8)for both modes, where again the trials of the last trajetory (3) are plotted.The last aepted onformations for modes 7 and 8 are 74, 72, 74 and 81, 82and 81 for 1 ns, 10 ns, 100 ns, respetively. These results again indiate that4Here also the last trajetory (3) is plotted.94



8.3. APPLICATION TO THE NUCLEOSOME AND THE LINKERHISTONE
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CHAPTER 8. FLEXIBILITY IN BROWNIAN DYNAMICSSIMULATIONthe GH5 prefers to bind to more open onformation than the equilibriumone. It shows that for mode 7 both algorithms lead to the same nuleosomeonformation for transition times 1 ns and 10 ns. The same is observed formode 8 as well: 82 and 81 for 1 ns and 10 ns, respetively. This implies thatfor longer tconf the energy and the modi�ed Metropolis algorithms behavesimilarly.
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8.3. APPLICATION TO THE NUCLEOSOME AND THE LINKERHISTONE
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CHAPTER 8. FLEXIBILITY IN BROWNIAN DYNAMICSSIMULATIONfor the behaviour observed in Fig. 8.10.The random algorithm (gmethod = 4) used also indiated attrationof the GH5 towards the nuleosome. However, in ontrast to the previ-ous two applied, it does not follow the interation energy landsape of thebiomoleules. Only results for transition time of 1 ns lose to the last se-leted onformations for mode 7 and 8 are shown in Fig. 8.11 and Fig. 8.12,respetively. The graphs display the dependene of the enter-to-enter dis-tane d on the simulation time. Clearly seen is that the GH5 moves loserto the nuleosome and reahes �nal onformations of 70 and 81 for modes 7and 8, respetively. This is in agreement with the result of the gmethod = 1for mode 7 and gmethod = 2 for mode 8. Interestingly, the plot of mode
 50

 60

 70

 80

 90

 100

 110

 120

 130

1000 1005 1010 1015 1020 1025

d 
(c

en
te

r−
to

−c
en

te
r)

, Å

time (x 103), ns

mode 7
1 ns

1 2

2
1 2 1

2 2 1
1

1
2

2

3
3 2 2 2 2 1 2

2 2 1

Figure 8.11: Distane-time de-pendene of the seletion trials for
gmethod = 4 with 1 ns transition timefor mode 7.

 50

 60

 70

 80

 90

 100

 110

 120

 130

998 1000 1002 1004 1006 1008 1010 1012

d 
(c

en
te

r−
to

−c
en

te
r)

, Å

time (x 103), ns

mode 8
1 ns

2 3

4
3

2 2 3
4

5

4
4

Figure 8.12: Distane-time de-pendene of the seletion trials for
gmethod = 4 with 1 ns transition timefor mode 8.7 (Fig. 8.11) illustrates that onformations 73 and 74 are not invoked at all,although onformation 72 was hosen two times. The reason, apart from therandomness, might be that onformations 73 and 74 overlap with the linkerhistone. Here again the linker histone approahes the nuleosome at a smallerseletion distane for mode 7 than mode 8. It suggests that mode 8 is morerestrited in terms of on�gurations than mode 7.At the end, we are interested in the binding mode of the linker histoneand how it is in�uened by the di�erent algorithms applied. Due to the moreseletion trials for tconf = 1 ns we will ompare the binding modes only forthese BD runs. The reorded omplexes were 500 and they were lusteredaording to the proedure desribed in Chapter 5. The highest dokedrepresentatives were ompared to the dominant binding mode. Remarkablywell were reprodued the binding position and orientation of the GH5 withrespet to the obtained nuleosome onformation. Only for mode 8 and98



8.4. SUMMARY
gmethod = 1, the obtained position of the GH5 on onformation 82 wason linker DNA2, whih is atually what was obtained by the 'standard' BDdoking. The average interation energies at the doking position for allalgorithms used do not deviate muh from the dominant binding mode andthey are around 30 kBT . This indiates, as seen on the plots, that after thelast seletion trial the GH5 ontinues searhing for a more favourable positionon the nuleosome. This might imply that at a ertain position, the linkerhistone does not allow muh onformational freedom of the nuleosome inagreement with the results on the NMA (Se. 5.6), where GH5 suppressesthe linker DNA1.8.4 SummaryIn this hapter, a new method for treating �exibility in all-atom BrownianDynamis was developed. One of the interating moleules is represented by aset of onformations, whih an exhange between eah other with a onstantrate during BD simulation. Four algorithms for seleting a onformation wereimplemented: the energy algorithm selets the onformation with the lowestinteration energy between the interating moleules, the modi�ed Metropolisalgorithm uses the standard Metropolis method with a slight modi�ation fora hoie between three onformations, the random energy algorithm seletsan adjaent onformation aording to its interation energy and the randomalgorithm uses a random uniform number to selet a onformation. Theonformation seletion is invoked within a ertain distane after a spei�edtransition time. There are no restritions on the number of onformationsas well as on the transition time as long as it is omputationally feasible andthe approximations of the Brownian Dynamis algorithm hold, respetively.The method was applied to the tNCP-GH5 system and the nuleosomewas represented as a set of onformations obtained by the NMA. The methodapplied reprodued remarkably well the doked results obtained in Chap-ter 5. This is an indiation that the new implementation, although, with lessstatistial on�dene an lead to the same doking position in reasonableomputational time. However, only in two out of 18 BD runs the �nal nule-osome onformation was the referene 70. The linker histone was doked 5times on onformation 81, 4 times on onformations 74 and 82 and 3 times ononformation 72. Although with short sampling this outome supports thehypothesis that the GH5 prefers more open onformations than the equilib-rium 70, whih has been resolved without the linker histone [4℄. For longersampling, it is lear that the new methodology should give better results. Itannot be dedued whih seletion method is better, but de�nitely over a99



CHAPTER 8. FLEXIBILITY IN BROWNIAN DYNAMICSSIMULATIONlong simulation Metropolis method should lead to global onvergene.
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9Moleular Dynamis of thehromatosome partile
The di�usional enounter omplex of the nuleosome-linker histone H5 om-plex obtained by the Brownian Dynamis was further re�ned to higher reso-lution using Moleular Dynamis. In this hapter we show preliminary dataon the dynamis of the nuleosome-linker histone omplex on nanoseondtime sale.9.1 MD setupThe MD simulations were arried out with the NAMD software pakage [107℄using Amber99SB fore �eld [106℄. Details on the numerial proedure aregiven in Setion 4.3. The struture of the dominant binding mode of GH5together with the nuleosome (Chap. 5), alled hromatosome partile, wasused as a starting onformation of the MD setup. It has 25027 atoms inlud-ing hydrogens. The struture was neutralized by adding 226 Na+ ions andwas plaed in a trunated otahedron box with expliit waters, 50 Na+ ionsand 50 Cl− ions. The ions represent the system at physiologial onditions.The solvation was done with the Leap program from the Amber softwarepakage [158℄ using TIP3PBOX [159℄ with 4 Å solvation layer. In total thesystem ontained 198 303 atoms. Periodi boundary onditions (PBC) wereapplied during the simulation. The partile mesh Ewald (PME) algorithmfor treatment the full eletrostati interations with 1 Å grid spaing wasused.MinimizationThe system was minimized in 11 subsequent runs with di�erent fore on-stants (500, 100, 50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01, 0 kal/molÅ2) for the onstrainedheavy atoms. Eah minimization run was arried out for 1000 yles using101



CHAPTER 9. MOLECULAR DYNAMICS OF THECHROMATOSOME PARTICLEthe steepest desent method to relieve bad steri interations (100 yles)followed by the onjugate gradient (900 yles) to let the system go downhillto the energy minimum.EquilibrationThree subsequent equilibration runs for 25, 100 and 250 ps, respetively, wereperformed on the system. The time step was set to 1 fs. In equilibration 1 and2 all non-hydrogen atoms and not water were restrained and NV T and NPT(Langevin Piston) ensembles were onstruted, respetively. Equilibration 3was performed also in NPT ensemble, but without onstraints of the heavyatoms. In the runs the Langevin temperature was set to 300 K and theLangevin damping oe�ient to 2 ps−1. SHAKE algorithm [111℄ was appliedto all bonds to hydrogen atoms.MD runsThe MD simulation was arried out using Berendsen NPT bath oupling [114℄with onstant temperature, T = 300 K, onstant pressure, P = 1 atm andpressure ompressibility, β = 4.75×10−5 bar−1. The usage of the SHAKE al-gorithm allows to have a time step δt of 2 fs. The total simulation time of thesystem was tsim = 56.35 ns. During the �rst 10 ns, snapshots were reordedevery 1000 steps, subsequently they were reorded every 2000 timesteps.9.2 ResultsSine we are interested in the protein-nuleosome interations rather thanthe water behaviour, all results desribed onern only the protein and DNAand water e�ets will not be disussed. The RMSDs of all Cα and P atomssuperimposed for the whole system as well as some parts of it are plottedin Fig. 9.1, Fig. 9.2 and Fig. 9.3. All the plots display the RMSD fromthe di�usional enounter omplex and the simulation time for minimizationand equilibration is not inluded. The �rst Figure 9.2 shows that the orehistones stay stably bound to the DNA, while the latter displays muh larger�utuations in the range of 5-8 Å. At around 15 ns there is an abrupt jumpof the DNA bakbone (Fig. 9.1). In order to �nd out whether it is relatedto linker DNA �utuations, we plotted the RMSD of lDNA1 and lDNA2 inFig. 9.2. It is seen that both DNAs �utuate a lot in the range of 1-6 Å,but between 10 ns and 15 ns the RMSD of lDNA1 dereases in ontrast tolDNA2. Inspetion of the trajetory revealed that not only the linker DNAs,whih are 10 bp long, but also part of the DNA wrapped around the histone102
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Figure 9.2: RMSDs of lDNA1 (red)and lDNA2 (green).
ores shows pronouned movement apart from the ore. Suh �exibility ofDNA might be important for the initial stage of DNA unwrapping fromthe nuleosome ore [19, 20, 160℄. The linker histone RMSD is depited
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CHAPTER 9. MOLECULAR DYNAMICS OF THECHROMATOSOME PARTICLEan be attributed to an indued �t, where upon binding, one of the bindingpartners passes to another onformation [146, 147℄. Suh a transition ouldbe related to the funtion of the linker histone to protet DNA from nuleasedigestion [32℄. However, whether this observation is really an indued �t inthe sense of haraterising the binding proess itself is unlear. It might bethat this onformation of the linker histone ould also our in equilibrium,but beause of its low population, the probability of ourrene is negligible.Here, we should note that to our knowledge there is no experimental evideneof suh a hypothesis or of an indued �t of the GH5 on the nuleosome.
Figure 9.4: Linker histone onfor-mation at the di�usional enounter(ruby) superimposed to its strutureat the end of the MD run (blue).The loops, whih underwent onforma-tional hange are highlighted in green(between helies 1 and 2) and in yellow(beta sheet loop).

To shed more light on the onformational hange of the GH5 at the endof the MD simulation with respet to its struture at the beginning, bothstrutures were superimposed as shown in Fig. 9.4. The alulated bakboneRMSD (Cα, N, C, O) was 2.1 Å (all atom RMSD=3.8 Å). Well seen are thebeta sheet and helix 1 and 2 loops, whih underwent an observable onfor-mational hange. More pronouned is the strutural modi�ation of the loopbetween helix 1 and 2 and this also partially involves α helix 1. In Fig. 9.5the bakbone RMSD of the residues onstituting GH5 is shown. The largestRMSD is exhibited by S24, whih is loated at the N-terminal of GH5. Also,the last residue K97 on the C-terminal tail displayed a RMSD of about 5 Å.The residues situated on the helix 1 and 2 loop (green) show a onsiderableRMSD, espeially G43, R42, K40 and A38. In addition, the residue K37 lo-ated at the end of α helix 1 experiened a large onformational hange witha RMSD of 5.6 Å (see Fig. 9.4). On the other hand, the amino aids laying104
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on the beta sheet loop (yellow in Fig. 9.5) displayed a moderate RMSD inthe range of 1-3.8 Å. The hydrophobi residue V87 is displaed by 2.8 Å indiretion opposite to the helix 3. The other observed RMSDs greater than3 Å are due to long side hain residues as Lys and Arg. The plot learlyindiates a olletive onformational hange of the loop onneting helix 1and helix 2 with a signi�ant ontribution of the last positive residue (K37)on α helix 1.The position of the whole system at the end of the BD and MD simula-tions is displayed in Fig. 9.6. Both on�gurations were superimposed on theore histones with a bakbone RMSD of 2.6 Å. The linker histone readjustedand moved loser to the lDNA1 in omparison to the referene struture.Moreover, the �exible loop (helix 1 and 2) penetrated into the major grooveof the lDNA1 in suh a way that the plane of the loop together with thehydrophobi loop (Val87, Ala89) aligned parallel to the phosphate bakbone(see Fig. 9.7). For omparison the aligned di�usional enounter omplex isdepited in the same perspetive in Fig. 9.8. In addition, the interationbetween the GH5 and lDNA1 led to a distint twisting of the linker DNA1.Looking at the linker DNAs (Fig. 9.6) one an see that they are more openafter the MD simulation than in the di�usional enounter onformation. Aplot showing how the distane between them hanges during the simulationtime is depited in Fig. 9.9. Well seen is that the linker DNAs are verydynami over large spatial sales. Sharp derease of the RMSD is observedat times of 43 − 46 ns and 55 − 56 ns indiating for motions bringing nearthe lDNAs. It an be seen that mainly lDNA2 ontributes to this behaviour(see Fig. 9.10) moving towards the dyad. Linker DNA1, whih is bound tothe linker histone did not exhibit so dramati hange with respet to the105



CHAPTER 9. MOLECULAR DYNAMICS OF THECHROMATOSOME PARTICLE
Figure 9.6: Nuleosome-linker histoneomplex before (ruby) and after (blue)the MD simulation. The strutures werealigned on the ore histones and thebakbone RMSD was 2.6 Å.

Figure 9.7: Nuleosome-linker histoneomplex at the last MD snapshot. The�exible loops (helix 1 and 2, beta sheet)penetrate in the major groove of lDNA1(olored green and yellow, respetively). Figure 9.8: Nuleosome-linker histoneomplex at the end of the BD run. Theperspetive of the view is the same asin Fig. 9.7.
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CHAPTER 9. MOLECULAR DYNAMICS OF THECHROMATOSOME PARTICLEand Ala, respetively. The atoms loated on the positive side hains are indiret ontat to the solvent, while the Cβ of Ala89 is orientated towardshelix 3 in the rystal struture of H5. The long side hains of R42 and K85�utuate a lot displaying larger deviations from the distane (8.4 Å) in therystal struture (Fig 9.11). As we have already seen the strutural hangesof the loops ontaining R42 and K85 ontribute to these �utuations. Thehydrophobi residue Ala89 moved away from helix 3 and the distane betweenA89 and K69 reahed a value of ∼10 Å. It is almost double in omparisonto the distane of 5.2 Å in the rystal struture. Suh opening ould beattributed to a mehanism by whih the hydrophobi loop tries to ontatlDNA1 while K69site (helix 3) still keeps lose to the nuleosomal DNA.In this viinity the hydrophobi loop might not feel the unfavourable watere�et, whih ould ontribute to the A89-K69 separation.9.3 SummaryPreliminary results on the nuleosome-linker histone interations were shownin this hapter. After �nding its binding path to the nuleosome via di�u-sion, the GH5 remained in ontat with the linker DNA1 during 56 ns ofMD simulation. This suggests that the linker histone is loated in a stablepotential well on the energy landsape of the system. However, internally theGH5 experiened large onformational hange of the loop linking α helies 1and 2 and a moderate displaement of the beta sheet loop apart from helix 3.Whether this onformation forms due to an indued �t e�et [147℄ or a nativestate of the linker histone with low population remains unlear. Moreover,both loops penetrated into the major groove of lDNA1 aligning parallel tothe bakbone-nuleotides plane. In addition, this interation aused twistingof lDNA1. Suh mehanial deformation on DNA upon binding of GH5 anbe attributed to the mehanial fores ating on lDNA1 due to the pres-ene of the linker histone [60, 161℄. This interation might be ruial forthe formation of a long living hromatosome partile [70, 94℄. As proposedby Misteli et al. [94℄ the residene time is several minutes, whih annot beeasily aessed even with an atomi detail Brownian Dynamis.The binding site K69site on the nuleosomal DNA did not show any sig-ni�ant motions and remained in lose ontat with the nDNA. The otherlinker DNA2 sampled large on�gurational spae experiening �utuationsin a broad spatial range up to 73 Å from its onformation in the di�usionalenounter. This is a lear indiation of the highly dynami nature of DNAin hromatin [122℄. The behaviour of the linker DNAs on�rmed our obser-vations from the NMA of highly �exible hains when they are free and of108



9.3. SUMMARYsuppression of motion in the presene of linker histone. These preliminarydata give some insight into the dynami nature of DNA at the nuleosomallevel in the presene of GH5 and on the strutural hanges aompanyingthe binding dynamis.
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10Conlusion and Outlook
The present thesis addresses questions onerning the dynami nature ofomplex biomoleular systems and, partiularly, the driving fores and inter-ations involved in bimoleular omplex formation.In the ell nuleus, the nature of DNA pakaging (hromatin) is governedby a tremendous number of biomoleular proesses omprising length andtime sales from 10−10 m to 10−5 m and 10−15 s to 10−1 s, respetively. To un-ravel and understand these proesses in terms of biologial funtion, physialpriniples must be applied. However, the available experimental tehniquesand methods apture only a small part of the omplex biomoleular networkand experiments, desribing ompletely proesses ourring in various spatialand temporal sales, are not trivial to perform. With the advent of highlypowerful omputers, a rapid inrease of omputational methods and tools formodelling suh proesses with improved auray has been observed. Withthe ombination of various physially based omputational methods, one anmodel and predit, with atomi detail, biomoleular interations spanningover more than several hundreds of nanoseond.In this thesis, the biomoleular omplex formation between the nuleo-some (a protein-DNA partile of omponent of onstituting the hromatin)and the linker histone (protein ontributing to hromatin ompation) hasbeen investigated thoroughly using the well-established omputational physisbased methods: Normal Mode Analysis (NMA), Brownian Dynamis (BD)and Moleular Dynamis (MD) Simulation. Thus, dynami behaviour ontime sales from pioseonds to miroseonds has been assessed. In addi-tion, a new method for inorporating olletive moleular degrees of freedomin the rigid-body Brownian Dynamis algorithm has been suessfully de-veloped. A physially preise piture of the struture and dynamis of thenuleosome-linker histone (hromatosome) omplex has been proposed.The determination of the nuleosome struture to a resolution of 1.9Å [5℄ (147 bp DNA) has greatly ontributed to our understanding of possiblemehanisms of DNA-histone binding, nuleosome repositioning and forma-111



CHAPTER 10. CONCLUSION AND OUTLOOKtion of higher-order hromatin struture [3℄. With the rystal struture ofthe tetranuleosome [4℄, a new step forward has been made provoking si-entists for explanation of the diverse experimental and theoretial data onhromatin. An obvious drawbak of the tetranuleosome struture is thelak of a linker histone, whih has been experimentally shown to exist withinhromatin [17, 18, 31, 58, 69, 94℄. The available experimental struture of theglobular domain of linker histone H5 (GH5) [72℄ made it possible to modelnuleosome-linker histone interations in atomi detail.We identi�ed the hromatosome struture by extensive Brownian Dynam-is (BD) simulations mimiking the physial proess of di�usion ombinedwith Normal Mode Analysis (NMA). The linker DNAs (lDNAs) of the nule-osome, 10 bp eah, exhibited the most pronouned onformational hangesobtained by the NMA and based on these onformations the GH5 was dokedto the nuleosome to �nd out the di�usional enounter omplex, a omplexformed before the last stage of fully bound moleules. A dominant bindingmode of GH5 with respet to the nuleosome, plaed asymmetrially onehelial turn away from the dyad point lose to lDNA1, was found for 8 nu-leosome onformations (out of 13). Two binding sites of GH5, the K69site(R47, K69, R73, R74) and R42site (R42, K97, R94), binding to the nuleo-somal DNA (nDNA) and lDNA1, respetively, were revealed. Residue K69was found to ontribute most to binding, K59 least. All these �ndings arein agreement with an experimental FRAP study [17℄. The other 5 extremeonformations of the nuleosome showed di�erent GH5 binding mode having,on the most open strutures (76, 82 and 83), GH5 bound to the lDNA2. Thedependene of the linker histone H5 binding mode on two groups of distintnuleosome onformations ould be related to the existene of a heteromor-phi hromatin struture [58℄, whih an simultaneously adapt solenoid andzig-zag onformations [58℄. In this way, the GH5 ould be present on thedominant binding mode in the tighter zig-zag hromatin, whereas the posi-tion on lDNA2 ould be in the solenoid hromatin struture. A subsequentNMA on the di�usional enounter omplex pointed out a restrited samplingof lDNA1 in the on�gurational spae in omparison to its motions on afree nuleosome. Clearly, the presene of GH5 indiated a suppression of thelDNA1 �utuations.Using the same algorithm, the e�et of mutations, i.e. a replaement ofone amino aid residue by another, on the binding mode of GH5 was in-vestigated. Experimental FRAP study [17℄ has identi�ed the amino aids(residues) on a linker histone H10 (97% similar to H5) whih ontribute mostand least to binding to the nuleosome. The experimental mutational datahave been mapped onto the rystal struture of GH5 and Brown et.al [17℄have proposed a model for the binding sites and position of GH5 on the nu-112



leosome. This model was omputationally tested by Brownian Dynamisand very good agreement with the experimental data was observed. First,the e�et of mutations on the binding mode of GH5 was found to be nonad-ditive, i.e. the ontribution of multiple mutations to binding is not equal tothe sum of the ontributions of eah single mutant. Seond, single mutantsould not hange dramatially the binding position of GH5, but they ouldindue an orientational hange in the di�usional enounter of GH5. On theother hand, simultaneous mutations of positive residues on the surfae ofGH5 a�eted signi�antly the binding mode of GH5, dereasing its strength.In addition, the dominant binding position was onserved for most of the nu-leosome onformations in mode 7 (obtained by the NMA), while for mode8 only onformation 81 showed similar behaviour. The residues belonging toK69site showed a slightly higher binding strength than the residues onsti-tuting the R42site. This ould be attributed to a two-step binding proess,where �rstly K69site binds to the nDNA and, seond, R42site readjusts toform ontat with the linker DNA1. All these �ndings are omplementaryto other methods trying to reveal the dynamis and interation in the linkerprotein network within hromatin [70℄.The struture of the di�usional enounter omplex is trapped in a loal en-ergy minimum along the di�usional path of the GH5, but information on howfast this minimum has been reahed is missing. Due to the highly dynaminature of DNA in hromatin, the speed of reation ould be very importantfor the formation of a stable nuleosome-linker histone omplex. To addressthis issue, we investigated the binding kinetis of GH5 and 11 of its mutantsto three di�erent nuleosome onformations (70, 76 and 83). Our simula-tions yielded results very lose to the Smoluhowski rate (kon ∼ 109M−1s−1),whih, after omparing with the basal assoiation rates, were attributed toeletrostati enhanement of the assoiation rates. In addition, the high as-soiation rates an be explained by the searhing mehanism of DNA bindingprotein, whih has been shown to enhane the assoiation rates [150℄. Theresidues partiipating in the K69site, whih was found to bind to nDNA,showed signi�ant redution in their assoiation rates upon mutation. Onthe other hand, mutations of residues belonging to R42site, whih ontatslDNA, display rates very lose to the wild type (WT) rate indiating modestontribution to the binding kinetis. We proposed a hypothesis by whihK69site binds �rstly to the linker DNA and performs a 1D di�usion along ituntil it reahes the binding site, where GH5 rotates and K69site and R42siteontat nDNA and lDNA, respetively. This an enhane the assoiation rateand an explain the small ontribution of the R42site to it. Another reasonould be the negleted �exibility in the BD simulations, whih might be veryimportant for the residues on R42site loated on loops. Further investigation113



CHAPTER 10. CONCLUSION AND OUTLOOKfor inorporating �exibility as well as for modelling onformational hangesis needed.A new method for treating expliitly �exibility in all-atom Brownian Dy-namis was developed. One of the interating moleules was represented by adisrete set of onformations with a transition rate desribed by a Markovianproess. Four algorithms for seleting a new onformation were implemented.The �rst algorithm alled energy algorithm selets the onformation with thelowest interation energy between the urrent positions of the interatingmoleules. The seond algorithm alled modi�ed Metropolis algorithm usesthe standard Metropolis method with a slight modi�ation for a hoie whenthree, instead of two, onformations are available. The random energy algo-rithm is the third one, whih selets only adjaent onformations aordingto their interation energy with the other moleule. And the last random al-gorithm uses a random uniform number to selet the new onformation. Theonformation seletion is invoked within a ertain distane between bothmoleules after an initially spei�ed transition time. There are no restri-tions on the number of onformations or on the transition time as long as it isomputationally feasible and the approximations of the Brownian Dynamisalgorithm hold, respetively. The method was applied to the tNCP-GH5 sys-tem and the nuleosome was represented by a set of onformations obtainedby the NMA. The method reprodued remarkably well the results obtainedin Chapter 5 in terms of binding position of GH5 on the nuleosome. This isan indiation that the new implementation an, although with less statistialon�dene, lead to the same doking position in reasonable omputationaltime. However, in terms of nuleosome onformations, the GH5 bound mostfrequently at the end of the di�usional proess to 81, and, the seond andthird most frequent onformations were 82 and 74. These results suggestedthat the GH5 prefers to bind to more open nuleosome onformations thanthe equilibrium 70, whih has been resolved without the presene of the linkerhistone [4℄. In general, the new methodology should give better results for alonger sampling and, for suh a ase, the Metropolis method should lead toglobal onvergene.The obtained di�usional enounter omplex is the last step preedingthe formation of a fully bound omplex. In order to reveal how this pro-ess ours, short-range interations inluding atomi �exibility should betaken into aount. We arried out Moleular Dynamis (MD) simulation onthe hromatosome struture. Preliminary results on the nuleosome-linkerhistone interations were shown. After �nding its binding path to the nu-leosome via di�usion, the GH5 remained in ontat with the linker DNA1during 56 ns of MD study. This suggests that the linker histone is loatedin a stable potential well on the energy landsape of the system. However,114



internally the GH5 experiened large onformational hange of the loop link-ing α helies 1 and 2 and a moderate displaement of the beta sheet loopapart from helix 3. Whether this onformation forms due to an indued �te�et [147℄ or a native state of the linker histone with low population re-mains unlear [162℄. Moreover, both loops penetrated into the major grooveof lDNA1 aligning parallel to the bakbone-nuleotides plane. In addition,this interation aused twisting of lDNA1. Suh mehanial deformationon DNA upon binding of GH5 an be attributed to the mehanial foresating on lDNA1 due to the presene of the linker histone [60, 161℄. Thisinteration might be ruial for the formation of a long living hromatosomepartile [70, 94℄. As proposed by Misteli et al. [94℄ the residene time isseveral minutes, whih annot be easily aessed even with an atomi detailBrownian Dynamis.The binding site K69site on the nuleosomal DNA did not show any sig-ni�ant motions and remained in lose ontat with the nDNA. The otherlinker DNA2 sampled large on�gurational spae experiening �utuationsin a broad spatial range up to 73 Å from its onformation in the di�usionalenounter. This is a lear indiation of the highly dynami nature of DNAin hromatin [122℄. The behaviour of the linker DNAs on�rmed our obser-vations from the NMA of highly �exible hains when they are free and ofsuppression of motion in the presene of linker histone. These preliminarydata give some insight into the dynami nature of DNA at the nuleosomallevel in the presene of GH5 and on the strutural hanges aompanyingthe binding dynamis.In summary, the atomi struture of the hromatosome partile has beenharaterized by a ombination of physially based omputational approahes.In addition, the dynamis and interations in the formation of the hro-matosome partile have been identi�ed and the ontribution of �exible linkerDNAs to the omplexation reognized. It was found that the linker histonebinds asymmetrially on the nuleosome with respet to dyad axis, forminga stable struture, preferably on open nuleosome onformations (with re-spet to the angle between linker DNAs). In overall, the presented work is avaluable part of the proess of understanding the struture and funtion ofthe higher-order hromatin �ber.OutlookSimulations of maromoleular omplexation are omputationally demand-ing and require the use of approximations suh as the neglet of moleular�exibility. Furthermore, establishing the e�ets on maromoleular assoia-tion of the heterogeneous and rowded ellular environment is a hallenge for115



CHAPTER 10. CONCLUSION AND OUTLOOKboth omputational and experimental approahes. Surmounting these hur-dles requires the development of multiple-sale and oarse grained modelswith more aurate moleular interation fore �elds as well as the develop-ment of highly parallelized software and new omputing hardware to permitdetailed simulations over many orders of time and length sales. The urrentstudy provides an e�ient desription of the assoiation proess between thelinker histone and the nuleosome in atomi detail inorporating �exibility.The results obtained an be used as an input in modelling hromatin on aoarse-grained level in whih several atoms, residues or the whole nuleosomeare represented as a single geometrial objet, the interations involved areinluded and the dynamis is simulated either by BD or Monte Carlo [22�24, 58, 76, 79℄. Attempts to predit the onformation of hromatin �ber havebeen made at an atomisti level as well [77℄.The proess of protein-DNA reognition and, partiularly within hro-matin, is a�eted by di�erent fators as the histone tails [24℄, the preseneof mono- and multivalent ions, the e�et of histone aetylation [18℄ and thenuleosome repeat length [85℄. Although the ontribution of eah of themto the ompation of hromatin �ber is still under debate, a promising wayto improve the model proposed is to investigate these e�ets on the bindinginteration and kinetis of the hromatosome partile omplexation. Goingfurther, systems of two and three nuleosomes inluding the linker histoneould be modelled in atomi detail with di�erent degree of �exibility. Thesymmetry/asymmetry distribution of the linker histone on the nuleosome isalso an open question and needs onlusive experimental evidenes. The dis-soiation pathway of the linker histone from the nuleosome an give insightson the stability of the hromatosome partile as well as on the dissoiationonstant. However, due to the long time sale of the omplex, atomi de-tail simulations an be omputationally demanding. A way to overomethis ould be the appliation of a biased fore to the linker histone, whihwould enfore a dissoiation proess. Another partially unresolved issue isthe e�et of the C-terminal domain of the linker histone on the dynamis ofthe linker DNAs and whether it plays only a role in bridging together thelinker DNAs on the nuleosome or it has other funtions regarding the linkerhistone-nuleosome interations. The skethed open questions need futureinvestigations.
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AComputation of the BrownianDynamis fores and torques
The eletrostati fore omputed at eah BD step (see Se. 4.2.2) is given by
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	A.3The omponents of f are omputed as a �nite-di�erene derivative of theeletrostati/(eletrostati desolvation) potential ϕ on a 3D grid (ubi inthe thesis, see Fig. A.1)
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	A.4where h is the grid spaing, ∆ϕijk is the eletrostati/(eletrostati desol-vation) potential di�erene along i in a ube with a diagonal [(i,j,k);(i +117



APPENDIX A. COMPUTATION OF THE BROWNIAN DYNAMICSFORCES AND TORQUES

Figure A.1: Shemati view of a 3D (ubi) grid enompassing eah moleule. Atthe ube orners (blue points) values of the relevant potential are assigned. The PBeletrostati potential is omputed using partial atomi harges of the biomoleule.When a harge qeff of moleule 1 (2) is within the grid of moleule 2 (1), the foreomponents ating on it due to the grid 2 (1) are omputed using Eq. A.4. Thegrid spaing is denoted by h.
1,j + 1,k + 1)℄ and ∆sjk is a dimensionless quantity aounting for the exatposition of a harge qeff within the ube (Fig. A.1).The torque due to the eletrostati fores at eah BD step is omputedas
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	A.5

+ r × Fel
1 (r),where r2l and r1m are the distanes to the e�etive harges from the enter ofmoleule 2 and 1, respetively, and r is the enter-to-enter distane between1Atually fl2(rl) is the eletri �eld at the position rl.118



the moleules. In the simulations performed, the nuleosome (moleule 1)was kept �xed and only the rotations and translations of the linker histone(moleule 2) were aounted for at eah BD step. In the ase of rotatingmoleule 1, an additional torque term in Eq. A.5 should be onsidered. Theomputation of the fores due to the hydrophobi desolvation interation fol-lows a similar proedure using 3D hydrophobi interation grids around bothmoleules and a buried solvent aessible surfae area (SASA) [105℄. Sinesuh interations were not inluded in the simulations performed, omputa-tional details are omitted.
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Erratum 

 
Page 27: The sentence “In case of biomolecules, this reduction of degrees of freedom 
‘freezes’ global structural changes, as side chains movements, accompanying the 
diffusional motion.” should be removed.  
 
Page 31:  The sentence “All the forces are modelled on a 3-dimensional grid, which 
encompasses both biomolecules, and at each Brownian step the force between …” should 
be read “All the forces are computed on a 3-dimensional grid encompassing this 
biomolecule. At each Brownian dynamics step, the force between …” 
 
Page 33: The sentence in the text below Eq. 4.13 “The Debye-Hückel parameter is κ, α is 
a scaling factor and the second term in Eq. 4.12 is computed as …” should be read “The 
Debye-Hückel parameter is κ, α is a scaling factor and the second term in Eq. 4.12 is 
computed analogously to …” 
 
Page 65: A sentence should be added before the sentence “The times for S1S2, SITE1, 
SITE2 and...”, which reads “The ratio of the WT experimental FRAP time at 80 % to 50 
% recovery is approximately 5 Å and since the same ratio is obtained for the simulation 
residence times at 100 Å to 60 Å, these distances were chosen for comparison and 
analysis.” 
 
Page 69: Fig. ?? should be read Fig. 6.12. 
 
Page 93, line 8: The frequency of mode 8 should be read “2.23 1/cm” instead of “1.46 
1/cm”. 
 
Page 93: The times in Eq. 8.7 should be multiplied by 0.5. 
 
Page 94, line 13: The sentence “This plot (Fig. 8.2) …” should be read “This plot (Fig. 
8.1) …”.  
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