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ABSTRACTHydrophobi e�ets play a key important role in mediating the biologial assoi-ation and self-assembly proesses. Among them, a prime example where hydrophobie�ets have profound impliations is from the protein related assoiations. In theontext of protein related interations, suh as protein-ion interation, protein-ligandinteration and protein-protein interation, a prior knowledge of relevant binding in-terfaes, whih are de�ned as lusters of residues involved diretly with binding inter-ations, is di�ult. In the binding events that mainly driving by hydrophobi e�ets,a routinely and widely used approah to predit the binding residues is simply basedon the hydropathy value of single residue. However, reent studies suggest that on-sideration of hydrophobiity for single residues on a protein surfae require aountingof the loal environment ditated by neighboring residues and loal water. There-fore, in the ase of hydrophobi mediated assoiation, it is the e�etive hydrophobiitywith the onsideration of neighboring e�et and ontext dependeny that determineswhether the residue would involve in the binding path. In this dissertation, I �rstuse a method derived from perolation theory to evaluate spanning water networksin the �rst hydration shells of a series of small proteins in order to loate a ritialhydration level to best distinguish the e�etive hydrophobi and hydrophili regionaround protein surfae. Further, residue based water density ould be applied to salethe e�etive hydrophobiity at suh a ritial hydration level. Finally, single-linkagelustering methods were applied to luster the e�etive hydrophobi residues in a wellde�ned path that are putatively involved in binding interations. This simple methodis able to predit with su�ient auray and overage the binding interfae residuesof a series of proteins. The approah is ompetitive with automated servers. The
xxvi



results of this study highlight the importane of aounting of loal environment indetermining the hydrophobi nature of individual residues on protein surfaes.With the identi�ed e�etive hydrophobi path that is extensively involved inthe protein binding, it is possible to further explore the ion spei�ity around theregion. Umbrella sampling moleular dynamis simulation approah was applied tostudy the potentials of mean fore along an order parameter bridging the state wherethe ion is fully solvated and one where it is biased via harmoni restraints lose aroundthe protein-water interfae. Spei�ally, the protein hydrophobin-II (HFBII) with 71amino aid residues expressed by �lamentous fungi was the target protein. Suh ahoie is due to the fat that HFBII has an amphiphili struture harater with a wellde�ned hydrophobi path and several hydrophili pathes. Therefore, it is possibleto ompare the ion-spei� e�et around the hydrophobi and hydrophili region ofthe protein. Two representative ions, Cl− and I−, whih have been shown previouslyby simulations as displaying spei�-ion behaviors at aqueous liquid-vapor interfaes,were onsidered in the study. We further explore anion-indued interfae �utuationsnear protein-water interfaes using oarse-grained representations of interfaes. As inthe ase of a pure liquid-vapor interfae, at the hydrophobi protein-water interfae,the larger, less harge-dense iodide anion displays a marginal interfaial stability om-pared with the smaller, more harge-dense hloride anion. Furthermore, onsistentwith the results at aqueous liquid-vapor interfaes, iodide indues larger �utuationsof the protein-water interfae ompared to hloride, whih is an indiation of the pos-sible onnetion between the surfae stability of the ion and the indued �utuation ofprotein-water interfaial height of the ion. The orrelation is further on�rmed in thease of denaturant guanidinium ation and urea with di�erent on�gurations as theyapproah the hydrophobi protein path. Finally, hydrophobi e�etive was disussedin the ontext of protein-protein interation. Using a rigid body model, the ther-modynami signatures of the assoiation between ubiquitin and ubiquitin interationmotif was explored. Muh like in the ase of a purely hydrophobi solute, assoia-tion is favored by entropi ontributions from release of water from the interproteinxxvii



regions and assoiation is disfavored by loss of enthalpi interations. This is a furtherdemonstration of the signature of the hydrophobi e�et mediated assoiation from theomputational approah.
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Chapter 1INTRODUCTION AND MOTIVATION1.1 Introdution1.1.1 Hydrophobi E�etIn terms of the hydrophobi e�et, the �rst impression for most of people isabout the famous adage "oil and water don't mix". The signi�ane of hydrophobie�et an be found in a wide region of biologial proess, suh as membrane formation,protein folding and aggregation, binding of a substrate to the enzyme. [2, 3, 4, 5, 6, 7℄In general, it is an e�etive fore aused by the nonpolar moleules that have a tendenyto minimize the aqueous solvent exposed surfae area.Traditional argument about the hydrophobi e�et stems from the ieberg modelby Frank and Evans. [8℄ The hydrophobi solute will disrupt the struture of bulk wa-ter and sine it is inapable of hydrogen bonding with water, water-water hydrogenbonds are reoriented along suh a surfae in order to minimize disruption of the three-dimensional hydrogen bonded network of water moleules. This leads to a struturedwater age formation around the hydrophobe surfae and it has the orientation on-straints on water moleules in the hydration shell of nonpolar solutes, resulting ina derease in the entropy of water. This struture harater of the hydration wateraround hydrophobi solute has been further proved by the neutron and x-ray satter-ing tehniques. [9, 10, 11, 12℄ Suh unfavorable e�ets from the loss of on�gurationalentropy of water moleules an be minimized if hydrophobe moleules aggregate. Uponaggregation, water moleules form one larger age surrounding the hydrophobi aggre-gate and the surfae area of suh aggregate is smaller than the sum of surfae areas ofindividual solutes. This makes the entropi ontribution less unfavorable and, hene,
1



makes the free energy more favorable. Besides this view, there are some other viewson the hydrophobi hydration. One of them is based on the saled partile theory. Asthe hydrophobi solute dissolves in the �uid, it requires a reation of a spherial avitywith radius λ. If the amount of reversible work in this proess is expressed as W(λ),[13℄ then the probability P(λ) of �nding a point outside the exlusion volume of thesphere is:
P (λ) = exp[−W (λ)/kT ] (1.1)Although with the limitation of the assumption of water moleules as rigid spheres,this theory is quite suessful in predition of the heats and entropies of nonpolargases of aqueous solutions. [14℄ It has been further pointed out that this hydrophobisolvation proess in aqueous depends on the size of the solute. [15, 16℄ For smallsolute ase suh as methane, the exlusion volume is small enough so that the solutean aommodated in water without the breakage of hydrogen bonds. [17, 18℄ Thesolvation free energy in this ase sales well with the volume of the solute. In ontrast,the hydrophobi solvation is quite di�erent in the large solute ase with sale beyondnanometer. The larger exposed hydrophobi surfae of the solute leads to unavoidablebreakage of hydrogen bonds at the surfae so that water moleules have a tendenyto esape away from the large hydrophobi solute surfae. As a result, it forms aninterfae between water and hydrophobi solute, whih is similar to the liquid-vaporinterfae. In suh large solute ase, the solvation free energy ost sales better withthe solute surfae area instead of solute volume. [19℄1.1.2 Protein HydrophobiityAs it omes into the protein ase, hydrophobi e�et is more ompliated. Due tothe strong heterogeneity of protein surfaes in terms of both topography (loal, as wellas global, geometry and shape) and hemial omposition, di�erent regions on proteinsurfae may have distint hydrophobiity. In order to haraterize the hydrophobiitydi�erenes among amino aid residues with di�erent hemial ompositions, severalways of hydrophobiity sales have been developed. The most ommon method is2



based on the measurement of free energies of transfer for the side hains of eah typeof amino aid between two immisible phases. In Wolfenden hydrophobiity sale, onephase is seleted as water and the other phase is seleted as vapor, whih is the sim-plest nonpolar phase. [20℄ Based on this, the order of the 20 amino aids from mosthydrophobiity to least hydrophobiity is GLY, LEU, ILE, VAL, ALA, PHE, CYS,MET, THR, SER, TRP, TYR, ASP, LYS, GLN, GLU, HIS, ASP and ARG. Di�er-ent from Wolfenden hydrophobiity sales that only onsider the ontributions of thesidehains, the Wimley-Whilte whole residue hydrophobiity sales also inluded theontributions of the peptide bonds. This onsideration is espeially important for themembrane proteins sine the e�et from the H-bonded peptide bonds would in�uenethe position seletion of transmembrane helix. [21, 22, 23, 24℄ In another Kyte andDoolittle hydrophobiity sale, the �nal sale values were not only determined by thewater-vapor transfer free energies of side hains of eah type of amino aid, but alsoby the interior-exterior distribution of amino aid. [25℄ This adjustment lowers thehydrophobiity sale of GLY that has high hydration free energy but low frequeny ofdistribution in the interior of the protein, whih makes more sense. In these onsid-erations, the hydrophobiity sale of eah type of amino aid is onsidered separately,whih only determines by the hemial ompositions of the residues. Using these abso-lute hydrophobiity sale to diretly evaluate the protein surfae hydrophobiity mayause problems due to the loal environment e�et. The loal environment here isde�ned by a olletion of protein residues nearby. Initially, this loal environmente�et is disussed in a simpler nanosale plate system by Giovambattista et al.[26℄They found that surfae water density in the �rst hydration layer of a hydrophobiregion with hydrophili borders around is signi�antly higher than that of an identi-al hydrophobi region surrounded by hydrophobi borders, re�eting the e�et thata anonially-de�ned hydrophobi region may represent a more or less hydrophobienvironment right in the viinity of its spatial loation due to perturbations from itsneighboring omponents. Later, these arguments and observations were found also ap-plied to the self-assembled monolayers (SAMs) and heterogeneous protein surfaes, [27℄3



whih lead to the perspetive of e�etive hydrophobiity of a protein surfae residueand warrants the view that the hydrophobiity of a group is ontext-dependent andthus a re�etion of multiple e�ets of surrounding moieties on protein surfaes. [28℄ Inthis sense, these e�etive hydrophobi regions around protein are not isolated. Instead,they ould form a luster based on the hemial and topographial ontext. [29℄Due to the nanometer sale of protein surfae, it is di�ult to disset the ef-fetive hydrophobi path experimentally. In order to sale this ontext dependente�etive hydrophobiity around protein surfae, several approahes from simulationstudies have been applied. Sine the nature of hydrophobiity involves the disfavor ofwater moleules nearby, hydration of suh e�etive hydrophobi region should displaya high ost of free energy. Based on this, Beuming et al [30℄ performed thermodynamianalysis of water moleules around the protein surfae and evaluated the hydrationfree energy around several hydration sites based on the inhomogeneous solvation the-ory [31, 32℄, whih alulated the enthalpi and entropi ontributions of eah hydrationsite. Enthalpi ontribution an be omputed by onsidering the nonbonded intera-tion energy between hydration site water and the other omponents in the system.Entropi ontribution an be estimated purely from protein-water orrelation entropyby the overlook of water-water and other higher order orrelation terms. From theiralulations, hydration sites near the aromati and aliphati side hains manifested ahigher average hydration free energy, whih ould be desribed as e�etive hydropho-bi regions around protein surfae. They further onneted these high hydration freeenergy sites with the binding sites of the protein. Therefore, based on the free ener-geti haraterization of water around protein surfae, they ould sale the e�etivehydrophobiity with appliation to binding sites predition.Besides the approximate alulation from inhomogeneous solvation theory, hy-dration free energy an further be obtained from density �utuation around the probesolute as shown in the following equation: [33℄
∆Gdehydration = −kBT (lnPN − lnP0) (1.2)
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where ∆Gdehydration is the dehydration free energy, whih has the same magnitudebut opposite sign as the hydration free energy. PN is the probability of observingN water moleules in the probe volume. P0 is the probability of observing no watermoleules in the probe volume, whih is the referene state in this ase. Based on theabove equation, e�etive hydrophobi region is assoiated with lower dehydration freeenergy. As a result, the distribution pro�le of number of water moleules in the probevolume around e�etive hydrophobi region should display a fat low-N tail harateras shown in the previous publiation. [28, 34℄ In this sense, a larger �utuation of thenumber of water moleules an be observed around the e�etive hydrophobi regionsompared with the e�etive hydrophili regions. This enhaned �utuation around thee�etive hydrophobi region an be further haraterized by the loal ompressibility[27℄:
χfl(z) =

V

kT

< N(z)2 > − < N(z) >2

< N(z) >2
(1.3)where <> represents the ensemble average, k is the Boltzmann's onstant, and N(z)denotes the probability distribution of number of water moleules in an observationvolume V that has the spei� separation with the de�ned surfae along z diretion.Reently, Patel et al [35℄ shows another way to assess the ontext dependent hydropho-biity around a representative hydrophobin II protein surfae based on the free energyof forming a avity around the surfae.
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0

< Nv >Φ dΦ (1.4)where < Nv >Φ is the fore to reate a avity with volume v and with a total number ofN water moleules. With a fator Φ in the equation, it an ouple the average numberof water in probe volume linearly to the external biasing potential to empty the region.Before applying these hydration free energy alulation method to estimate thee�etive hydrophobiity, a simple thought based on the water density around di�erentregions has be attempted to apply. Godawat et al [36℄ monitored the water densitynear the surfaes of fully solvated self-assembled monolayers (SAMs) with di�erentfuntional groups exposed in aqueous solution. However, it was found that in this ase5



water density shows a poor distintion around hydrophobi head groups (-CF3, -CH3)and hydrophili head groups (-OH , -CONH2). Only by onsidering the water density�utuation around these two regions an give rise to distint di�erenes around e�etivehydrophobi and hydrophili region as we pointed out before. Instead of onsidering thewater density, Aharya et al [27℄ atually use the density of probe hydrophobi solutesto sale the e�etive hydrophobiity around protein surfae. Here, they performed themoleular dynami simulation of the representative hydrophobin II protein again inaqueous solution with limited amount of small hydrophobi solutes. In this way, thee�etive hydrophobiity around di�erent regions an be evaluated from the averageloal density of hydrophobi probes in the viinity. A limitation in this approahis that in order to prevent the probe hydrophobi solutes from aggregating duringthe simulation, the number density of the solutes must be areful hosen to be smallenough. As a result, a su�ient long time simulation was required in order to obtainthe onverged loal density around protein surfae. Compared these two approahesto sale the e�etive hydrophobiity based on the density, the later one ould give abetter distintion of e�etive hydrophobiity due to the appliation of limiting amountof �probes� in the system.Inspired by this, we propose a somewhat omplementary, or �in like spirit�protool to identify the e�etive hydrophobi region around protein surfae based onthe limiting amount of water moleules in the system. In this ase, the protein inour study should be surrounded by a �nite water shell with free boundaries. Unlikeprevious studies with fully solvated protein in the simulation box, water in our systemshould be able to arrange dissimilarly between hydrophobi and hydrophili proteinsurfae regions. There is no onstraint that water density be equivalent at all positionsaround the protein surfae. Based on the hydrophobiity nature, water moleulesshould manifest more tendenies to loate around the e�etive hydrophili regions thanthe e�etive hydrophobi ones. Besides, applying water moleules as probes ould avoidthe issue of aggregation in the ase of hydrophobi solutes at high onentration, so thesampling e�ieny ould improve. In this approah to deal with a partially solvated6



protein surfae, in theory, there should be an existene of a ritial hydration levelat whih water moleules overage ould manifest a distint variane around e�etivehydrophobi groups and e�etive hydrophili ones. In this sense, we ould determinethe e�etive hydrophobiity around protein surfaes at this ritial hydration level.1.1.3 Ion-Spei�ity around Protein SurfaeEvaluation of e�etive hydrophobiity is a key step towards the deent under-standing of ion-spei� e�et around protein surfae. Previously, interations betweenions and protein in aqueous solution have been widely studied. [37, 38, 39℄ Hofmeistere�ets or ion-spei� e�ets, related to the modulation of surfae tension and proteinsolubility by additive salts that in�uene the strength of diret and water-mediated in-terations in solution have been intensely explored with the ultimate aim of extratingbasi physial insights into the above mentioned proesses[40, 41, 42, 43℄. Aordingto the ability to salt in or salt out proteins, the Hofmeister series has been proposedfor di�erent ations and anions. [44℄ For the anions, it has suh a order: F− > HPO2−
4> CH3CO−

2 > Cl− > NO−
3 > Br− > I− > SCN−. While for the ations, it has thefollowing order: NH+

4 > K+ > Na+ > Li+ > Mg2+ > Ca2+ > guanidinium. In bothof these two series, the ions on the left derease the solubility of hydrophobi moleulesby strengthening the hydrophobi e�et; while the ions on the right inrease the solubil-ity of hydrophobi moleules through the weakening of hydrophobi e�et. Therefore,modulation of e�etive hydrophobiity around aqueous protein surfae through theaddition of the ions an be onsidered as the mirosopi origins and moleular meh-anisms of ion-spei� e�ets. A detailed understanding of the modulation ould giveus the insight about further design of interations between protein and solute.Among the vast disusses on ion-spei� e�ets, halide ions stabilities aroundliquid-vapor interfaial regions have been paid great attention. [45, 46, 47, 48, 49, 50, 51,52℄ It has been widely shown that larger halide ions suh as I− and Br−, whih loate atthe right end of Hofmeister series, tend to bind to liquid-vapor interfaes more stronglyand with lower transfer free energies than the early members of the series suh as Cl−
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and F− anions. Several fators, inluding ion size, ion polarizability, ion hydrationproperties and solvent polarizability [53℄ have been onsidered in order to desribe aunifying explanation of the moleular underpinnings of suh behaviors. Previously,polarizability was onsidered as a key issue to modulate the ion-water interation andit was ritial to apply polarizable fore �elds in order to aurately desribe the halidespei� e�et around the interfaial region. [54℄ Later, it was pointed out that thisargument was debatable sine a areful parameterized non-polarizable fore �elds ouldalso give a onsistent halide adsorption behavior around interfae. Therefore, a fullydesription regarding this is still required.Reent studies [55, 56, 57℄ have begun to onsider the halide spei� e�etaround liquid-vapor interfae from the perspetive of perturbations of interfaial watermoleules as the anions approah the interfae. It has been suggested that for thetwo hemially distint anions Cl− and I−, whih represent the neutral and haotropipositions in the Hofmeister series, the more surfae stable I− anion indues larger inter-faial �utuations ompared to the non-surfae ative speies Cl−, thus demonstratinga strong orrelation with indued interfaial �utuations and anion surfae stabilityas observed from moleular simulations. Further, the di�erenes in indued interfaial�utuations by Cl− and I− ould be related to the nature of the hydration environ-ment around the anions; water moleules in the hydration shells of I− are shown tobe more dynami and less persistent ompared to those in proximity to Cl−. Whenapproahing the liquid-vapor interfae, oupling of loal solvent around anions withsolvent further away and near an interfae leads to di�erent perturbations of the inter-fae by the two anions, and thus di�erent ontributions to interfae height �utuations,and ultimately surfae stability via ontributions from interfaial entropy arising fromsurfae �utuations orrelations[55, 57, 56℄. This provides a new insight to interpretthe ion-spei�ity around liquid-vapor interfae. Sine there is implied a onnetionof the behaviors of ions at aqueous liquid-vapor interfaes to those of biohemiallyrelevant interfaes suh as protein-water interfae and bilayer-water interfae [58℄, itis natural to further explore the halide spei�ity around a more general hydrophobi8



surfae region. Heyda et al.[59℄ found that larger halides, I− and Br−, displayed apreferential spatial orrelation with the hydrophobi methyl groups in the moleules ofN-methylaetamide (NMA). It is also shown that the free energetis of transferring I−and Br− from bulk aqueous solution to a hydrophobi self-assembled monolayer-waterinterfae is lower ompared with Cl− and Na+ ases. Furthermore, Lund et al. probedthe distribution of F− and I− around a spherial maromoleule in an unharged ase.[60℄ Around this hydrophobi partile, F− shows a repulsion nature while I− tends tobe weakly attrated to it. Jungwirth and oworkers also provided volumes of dataon the nature of di�erential binding of anions to protein surfaes. [61, 62, 63℄ Also,it has been suggested that ion-spei� e�ets are dissimilar around hydrophobi andhydrophili surfaes, with large I− showing a stronger a�nity than the smaller halideions to the hydrophobi surfaes while the reverse trends of size-dependene of halideions are realized at the hydrophili surfaes. [64, 65, 66, 60℄ Their explanation is basedon the point that more harge-dense Cl− tends to have stronger diret eletrostatiinteration with the hydrophili region of the protein ompared with less harge-denseI−; on the other hand, larger and partially-hydrated I− would have a larger extent ofsolvent-assisted attration with the hydrophobi path of the protein. A detailed un-derstanding of the mehanism of the so-alled solvent-assisted attration was requiredin this sense.1.1.4 Denaturants around Protein SurfaeThe investigation of interations between protein and simple halides an move astep further by onsidering the more ompliated solutes guanidinium ation and urea.Both of the guanidinium ation (Gdm+) and urea an serve as the protein denaturants.Seeking for a deep and fundamental understanding of this denaturation proess has en-joyed a long history. [67, 68, 69, 70, 71, 72, 61, 73, 74, 75, 76, 77, 78, 79, 80, 43, 81℄ Amain ontroversy about the denaturation is whether the denaturants a�et the proteinstruture through a diret way or indiret way. In a diret way mehanism, the denat-urants would interat with protein bakbones or side hains diretly. The interation
9



may involve eletrostati interation, van der Waals and hydrophobi interations. Inan indiret mehanism, the denaturants would modulate the solution properties to af-fet the protein denaturation. We notie that the detailed mehanism of this proessis dependent on the denaturant investigated. Here, we are partiularly interested inthe denaturants guanidinium hloride (GdmCl) and urea. Both of them belong to theweak denaturants, so a signi�ant high onentration was required for denaturationthe proteins. (For urea, it usually requires a onentration of 5 M; for GdmCl, it usu-ally requires a onentration of 7 M.) In suh a high onentration, the notion of theexistene of diret interation is generally aeptable.In terms of diret interations, one of the major onerns for denaturation in-volves the lessening of the hydrophobi e�et as it involves the formation of a ompat�pre-folded" ensemble of states where protein hydrophobi surfae exposure to solventis redued in relation to the purely unfolded ensemble of states. The idea is that byassoiating with hydrophobi regions around the protein surfae, denaturant moleulesan shield the hydrophobi surfae area even in unfolded or extended on�gurationsof the peptide/polymer. This idea has been proved by the moleular dynami simula-tions. [77, 75℄ Reently, from an experimental approah of hemial fore mirosopymeasurements, Ma et al [82℄ showed that in a ertain range of pH values, additionof guanidinium groups ould diminish the measurable hydrophobi interations, whihis a further veri�ation of this mehanism. This hemial denaturation mehanismnaturally involves diret interation of the osolvent moleule with regions of the pro-tein surfae. A partiular aspet of this interation deals with the preise nature ofassoiation geometries and the assoiated free energetis; spei�ally, moleules suhas urea, and more so guanidinium ation (Gdm+), an present several predominantrelative orientations to the protein surfae through whih the interation is mediated.In general, it is proposed that a dominant interation of urea with surfae groups inprotein simulations involves hydrogen bonding with polar side-hain funtions [83, 84℄,while the unique hydration properties of the Gdm+ [85℄ support alternative interationmodes involving staking with side-hain planar and hydrophobi groups.10



It is worth to notie that both Gdm+ and urea moleule possess planar stru-tures. Previous studies have shown that in both the 1 M and 5 M GdmCl solutionswith presene of liquid-vapor interfaes, Gdm+ has tendenies to loate around theinterfaial region by adopting a parallel orientation to the liquid-vapor interfae. [86℄A later study further veri�ed this by onsidering the free energies of transferring singleGdm+ with various of orientations from bulk to the liquid-vapor interfae. [87℄ Thereis a little free energy minimum around liquid-vapor interfae with parallel orientationGdm+ while it shows a repulsive nature for the perpendiular orientation Gdm+. Be-sides the liquid vapor interfae, the orientation preferene for the Gdm+ an be alsofound in the ase of �at hydrophobi plate [75, 88℄ and hydrophobi polymer surfae[77℄. The orientation preferene of Gdm+ is derived from the anisotropi hydrationharaters of the moleule. Within the plane of Gdm+, the N-H group an serve ashydrogen bond donor, interating with water moleules. Therefore, it is fully solvatedand an be onsidered as a hydrophili moleule. Above or below the planar fae,Gdm+ is inadequate to serve either as hydrogen bond donor or aeptor. In this ase,the moleule is only partial solvated and an be onsidered as a hydrophobi moleule.The di�erent solvation patterns in these two on�gurations of orientation result in theirdi�erent adsorption behaviors. As the Gdm+ approahing the hydrophobi surfae re-gion with its planar surfae parallel, it mimis the hydrophobe-hydrophobe assoiation,whih is more free energetially favorable.1.1.5 Protein-Protein Interations Mediated by Hydrophobi E�etProtein-protein assoiation always our in the aqueous solution. More andmore arguments [6, 89℄ have pointed out that water should not just be onsidered asenvironment. More importantly, it an serve as an ative player during the assoiation.In the ontext of water mediated protein-protein assoiation, hydrophobi e�et isruial.A major issue onerning hydrophobi mediated binding proesses is the drivingfore for the assoiation proess. In a general ase, the harateristi thermodynami
11



signature of assoiation depends on nature of protein surfae involved in the assoiation.In the ase of assoiation between hydrophili binding pokets and hydrophili bindingligands, usually it is enthalpy-driven. A representative example of this is the binding ofgalatose to Arabinose Binding Protein (ABP). The thermodynami quantity of thisreation has been measured by isothermal titration alorimetri (ITC) experimentswith a favorable hange of enthalpy around -95 kJ/mol. [90℄ When it turns into thease of assoiation between the hydrophobi binding path of protein and hydrophobiligand, we would expet to observe a favorable ontribution from entropy from a lassi-al view of view. [15, 91, 89℄ That is, the overall stabilizing ontribution to the omplexstate is an inrease in total entropy (the origins of whih generally are assoiated withthe release of water degrees of freedom upon assoiation, thus allowing more on�g-urational states). In this model, proteins are fully solvated in the dissoiation state.As the binding partners approahing eah other, water moleules around the surfaeregions towards to binding are squeezed out, resulting in a dewetting transition. Theexpelled water to the bulk has more translational degree of freedom, whih is an in-rease of entropy that would drive the assoiation. In fat, previous study involvedthe modeled hydrophobi solute would give a support of this onern. Investigation ofhydrophobi assoiations between hydrophobi plates, [92, 93℄ graphene plates [94℄ andarbon natotubes [95℄ have all shown that the proess is highly entropially favorable.It is important to realize that although the real hydrophobi protein surfae sharessome of the haraters of purely nanosale hydrophobi solutes, the heterogeneity ofprotein surfaes in terms of both topography and hemial omposition ompliatedthe issue. Investigation of the binding proess of nonpolar ligand to the poorly solvatedpoket of the mouse major urinary protein-1(MUP-1) indiates that despite the appar-ent hydrophobi harater of the binding partner, the binding was enthalpy-driven andaompanied by an unfavorable entropy hange. [96, 97, 98℄ A detailed hek suggeststhat by virtue of poor solvation of the binding poket, the gain of protein-protein inter-ation arising from omplexation is larger than the lost of protein-solvent interation
12



prior to the assoiation. Therefore, it ould ompensate favorably. In another exam-ple, the binding event between substrate protein trypsin, whih exposes the bindingsites outside in an easily solvated way, and a series of hydrophobially modi�ed ben-zamidinium hloride inhibitors to trypsin is studied. It is found that the interationis strongly entropy driven in a wide range of temperatures. [99℄ Based on these, itsuggests that the harateristi thermodynami signature of hydrophobi assoiationin solution will depend on the degree of solvation of the binding poket.To further verify this point, moleular dynamis simulation study has been ap-plied to investigate the enthalpy driven hydrophobi assoiation by Setny. [100℄ Amodel for nonpolar avity-ligand assoiation is used in their moleular dynamis sim-ulation. Thermodynami ontributions, inluding free energy, entropy and enthalpyalong the binding oordinate have been investigated. The results show that the fa-vorable driving fore for this proess is from enthalpy hange among the release ofwater moleules from the hydrophobi environment to the bulk water. Although thereare some ontroversial issues like the origin of the unfavorable entropi omponent forthe hydrophobi assoiation proess, it is generally aepted that the enthalpy drivenhydrophobi assoiation usually involves the reeptor protein that has poorly solvatedbinding sites. This re�ets the notion that the water is not able to reoup energet-ially favorable water-water interations via su�ient orientation restrition. Moreimportantly, the above experimental and simulation results suggest that the under-lying signatures of hydrophobi interations are by no means absolute. A detailedunderstanding of this requires the investigation of protein surfae property and solva-tion around. Therefore, if we ould have a prior knowledge of protein binding site, itwill be helpful for us to unover the underlying thermodynami signature.1.2 ObjetiveIn this dissertation, initially, moleular dynami simulation was applied to evalu-ate the e�etive hydrophobi pathes for proteins with known three-dimensional stru-tures. With introduing of limiting amount of water moleules as probes in the system,
13



it is possible to take into aount of the hydrophobi e�et expliitly around the proteinsurfae. Hydrophobi e�et plays a vital role in driving interations between proteinand other solutes, suh as ion, binding ligand and other protein. In our understanding,this hydrophobi e�et an also be understood from a binding partner substitutionpoint of view. Water moleules have quite weak interations with the e�etive hy-drophobi region around protein surfae. As a result, when the binding partner of theprotein approahes, the water moleules around e�etive hydrophobi region are easilydisplaed to leave the region exposed to bind. Therefore, identi�ation of e�etive hy-drophobi region on protein surfae an serve as an indiation of the possible bindingsites for the protein. These binding sites information is quite essential for us to furthermanipulate and design protein related interation.Therefore, the objetive of my �rst projet involves the haraterization of e�e-tive hydrophobiity sale around various protein surfae with known three-dimensionalstrutures. We propose a solution to study a single partial hydrated protein withoverage of di�erent numbers of hydration water. With onsideration of the hydrogen-bonded water network distributions around the protein surfae at these hydration lev-els, we would like to �rst loate a proper hydration level at whih water moleules asprobes would give the best distintion between the e�etive hydrophobi region andthe e�etive hydrophili region. For di�erent proteins, suh a ritial hydration levelshould be dissimilar sine it may depend on the size, geometry and hemial omposi-tion of protein. With an identi�ed ritial hydration level, it is possible to further salethe e�etive hydrophobiity around protein surfae based on the loal water numberdensity around eah residue. During the binding event, several residues that are loselypaked in spae usually involve olletively. Considering this, we ould apply the singlelinkage lustering method, whih is a way to assign some points with know positionsin spae into groups aording to their distanes, to the seleted low-hydrated residuesfor de�ning a ontinuous e�etive hydrophobi path for the protein. This identi�ede�etive hydrophobi path an serve as an impliation of binding sites of the protein.We ould further verify this by omparison of our predited binding sites with the14



experiment determined ones. The meaning of this work is that the loated e�etivehydrophobi region ould putatively involve in the binding interations of the pro-tein with other solutes. Therefore, this ould serve as an independent way to preditthe binding path for proteins mediated through hydrophobi e�et. This projet ispresented in Chapter 3.With the identi�ed e�et hydrophobi path, it is possible for us to furtherdelve into the underlying mehanism of the assoiation between the protein and bind-ing partner. Starting from the simple ase, initially I would like to onsider the bindingof the monovalent anion to the protein surfae. The di�erene in the adsorption of tworepresentative halide, Cl− and I− around liquid-vapor interfae has been widely stud-ied as mentioned in Setion 1.1.3. From a novel point of view involving long-rangeperturbation of interfaial water, we have shown that as eah of these two types ofion approahing the liquid-vapor interfae, they would have di�erent magnitudes ofindued interfaial height �utuation. I− with more malleable solvation shell ouldeasily ouple with the water around liquid-vapor interfae, leading to a higher inter-faial height �utuation and providing a favorable ontribution in the assoiation interms of larger surfae entropy. Aknowledging the intrinsi onnetion between theliquid-vapor interfae and aqueous hydrophobi protein interfae, we would like to seeka similar trend of adsorption and indued �utuation behaviors for Cl− and I− as eahof them approahing the e�etive hydrophobi path of a rigid protein in aqueous envi-ronment. It will be helpful if we ould establish a orrelation between the free energetis(probabilities) of the two types of anions near the hydrophobi protein region and theirindued interfaial height �utuation, whih happened in the ase of liquid-vapor in-terfae system. The behaviors of these two types of anions around the hydrophiliregion of a protein were also studied for a omparison to further understand the ori-gin of the ion-spei� e�et around protein surfae. The partiular protein we fouson in this study is hydrophobin-II (HFBII), whih is a small protein with 71 aminoaid residues expressed by �lamentous fungi. The protein is known for its ability toform a hydrophobi oating on the surfae of an objet and it an self-assemble into a15



monolayer on hydrophobi/hydrophili interfaes suh as a water/air interfae. Thesefuntions are mainly determined by the amphiphili strutural haraterization. Fromthe method developed in Chapter 3, we ould identify an e�etive hydrophobi path ofHFBII onsisting of residues V18, L19, L21, I22, V24, V54, A61, L62 and L63. Besides,this protein also possesses several well-de�ned hydrophili pathes. Considering of this,this protein is an ideal andidate to ompare the haraters between hydrophobi andhydrophili interfaes as ions approah. This whole projet is disussed in Chapter 4.With a better understanding of the assoiation between simple halide and theprotein surfae with di�erent e�etive hydrophobiity, we ould further move to moreompliated solute ases with onsideration of the stability of Gdm+/urea around pro-tein surfae. Suh an exploration of the stability and interation would possibly provideviews of denaturation mehanisms regarding the two solutes. It is suggested that Gdm+display orientation preferene around the hydrophobi surfae, inluding the liquid-vapor interfae, hydrophobi plate and hydrophobi polymer surfae. However, it stilllaks a diret evidene for similar orientation behavior of Gdm+ upon approahing theaqueous hydrophobi protein interfaes. The inherent hemial and topographial het-erogeneity of protein surfae makes it di�ult to �nd a qualitatively rigorous approahto evaluate the relative orientation between the surfae of Gdm+ and the protein. To�ll this gap, we apply moleular dynamis simulations investigating the assoiationof Gdm+ ation with a spei� protein, HFBII, with a relatively �at surfae regiononsisting of e�etive hydrophobi residues. Another denaturant urea, whih sharesthe struture similarity with Gdm+, will also be explored as it approahes the samesurfae region of the protein. In the ontext of hemial denaturation via diret asso-iation, we ask here about the orientations that Gdm+/urea adopt when interatingwith hydrophobi regions of proteins. The ombination of this analysis addresses ideasof diret interation as well as hydrophobi e�ets as they pertain to the denaturationproess. Besides, in our previous disussion of Gdm+ orientation preferene aroundthe liquid-vapor interfae, we found that there is an interesting orrelation between
16



the interfaial stabilities and indued interfaial height �utuations of Gdm+ with dif-ferent orientations. Interfaial more stable Gdm+ with parallel orientation displays ahigher level of indued interfaial height �utuation ompared with less surfae sta-ble perpendiular on�guration showing a lower level of perturbation of the interfaialwater. We would like to further extend this idea to the ase of Gdm+ approahing areal protein surfae with well-de�ned e�etive hydrophobi region. This work ouldbe onsidered as a further extension of the seond projet disussed in Chapter 4. Asparallel oriented Gdm+ approahing the protein path, it is partial solvated similar tothe I− ase; as perpendiular oriented Gdm+ approahing the protein path, it is fullysolvated similar to Cl− ase. If parallel orientation Gdm+ ould display more surfaestability and indue larger extent of interfaial height �utuation ompared with theperpendiular one, then the whole result will be self-onsistent. This part of work ispresented in Chapter 5.Hydrophobi e�et not only plays a key role in the assoiation between pro-tein and small solute, but also may be responsible for the protein-protein assoiation.Previous disussion has suggested that underlying signatures of the hydrophobi as-soiation in a system heavily rely on the extent of solvation around the hydrophobiinterfaial regions. Therefore, if we ould have a prior knowledge of protein bindingsite, it will be helpful for us to unover the underlying thermodynami signature. Ubiq-uitin is a protein with well haraterized struture and known binding path onsistedof residues L8-I44-H68-V70. This path an be onsidered as an e�etive hydrophobipath that largely involves in the hydrophobi assoiation with a bunh of ubiquitininterating motif, whih has been identi�ed from our protool developed in Chapter3. In part, a goal of this study is to extend the analysis and disussion of underlyingsignatures of the hydrophobi assoiation between ubiquitin and one of its bindingpartners - ubiquitin interating motif (UIM). Through moleular dynami simulation,we ould like to onnet the solvation situations around the binding sites of the twopartners with the haraterized thermodynami signature of the assoiation. Besides,the binding partner UIM of Vps27 adopts a helial onformation. The helix is markedly17



amphiphili with a hydrophobi stripe along one side whih interats with the omple-mentary hydrophobi Leu8-Ile44-Val70 region of ubiquitin as proved by experiment.On the other side of the helix, it is quite hydrophili, whih may be unlikely to bindwith ubiquitin. We aim to use moleular dynamis simulations in onjuntion withfree energy sampling methods to alulate the potential of mean fores (PMF) for re-versible assoiation of the two proteins taken to be semi-rigid bodies when the helixis restrained at di�erent orientations to approahing the ubiquitin. We would like toobserve signi�ant free energetis di�erenes when UIM binding with hydrophobi sideand hydrophili side. This piee of study is disussed in Chapter 6.In the next hapter, I will start with a general disussion on the fore �eld androutine analysis in the moleular dynami simulation.
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Chapter 2FORCE FIELDS AND COMPUTATIONAL METHODS2.1 Moleular Dynamis Simulation and Fore FieldsMoleular dynamis simulation is a moleular modeling approah with the aid ofomputer to understand the properties of assemblies of moleules. In suh a omputersimulation, the physial movements of all the atoms, whih are the basi building bloksfor the moleules, are governed by the Newton's laws of motion. In order to obtain thepositions and veloities of the partiles in the system, we need to solve the lassialequations of motion at eah time step:
d2ri

dt2
=

Fi

mi
(2.1)Here, ri represents the oordinate of the partile and mi represents the mass of thepartile at time t with total fore Fi ating on the partile. Furthermore, one anobtain the total fore Fi based on the potential funtion:

Fi = −∂U

∂ri
(2.2)In moleular modeling, based on Born-Oppenheimer approximation, U is the inter-atomi potentials de�ned by a set of parameters that is a funtion of the nulearpositions only. These parameters are derived from quantum alulations and experi-mental data. Usually, U is termed as fore �eld in the moleular dynami simulationand it involves two parts:

U = Ubonded + Unonbonded (2.3)
Ubonded is the ontribution from the ovalent bonded interations while Unonbonded is theontribution from the nonbonded interations.19



The ovalent bonded interations inlude the following parts:
Ucovalent = Ubond + Uangle + Udihedral + Uimproper (2.4)

Ubond is the energy funtion of bond strething. Uangle is the energy funtion of anglebending. Udihedral is the energy funtion of torsion angle or dihedral. Uimproper is theenergy funtion of improper torsions, whih is from out of plane bending. The detailsof these terms are shown below:
Ubond =

∑

bond

Kb(b − b0)
2 (2.5)

Uangle =
∑

angle

Kθ(θ − θ0)
2 (2.6)

Udihedral =
∑

dihedrals

Kφ(1 + cos(nφ − δ)) (2.7)
Uimproper =

∑

improper

Kω(ω − ω0)
2 (2.8)

Kb, Kθ, Kφ and Kω represent the bond fore onstant, the angle fore onstant, the di-hedral fore onstant and the improper fore onstant respetively. b0 and θ0 representthe equilibrium bond length and angle. In Equation 2.7, n is the multipliity; φ is thedihedral angle and δ is the shift of phase. In Equation 2.8, ω − ω0 is the out of planeangle. For the nonbonded interations, it is the summation of eletrostati interationand van der Waals (VDW) interation:
Unoncovalent = Uelectrostatic + UVDW (2.9)In the �xed-harge fore �eld, the eletrostati interation an be treated as theCoulomb potential:

Uelectrostatic =
qiqj

εrij
(2.10)
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For the VDW interation, usually, it is modeled via the Lennard-Jones (LJ) potential.In one of the most ommon fore �eld, Chemistry at Harvard Moleular Modeling(CHARMM), [101, 102℄ it an be expressed as the follow:
UVDW = εij(

R12
min,ij

r12
ij

− 2
R6

min,ij

r6
ij

) (2.11)where ε is the energy parameter, representing the depth of the potential well; Rmin isthe distane parameter, representing the distane at whih the potential reahes itsminimum. For eah type of atom in the moleule, it has one set of these parameters.In the atual alulation of interations between two di�erent atom sites, the Lorentz-Berthelot (LB) ombining rules are applied in the CHARMM fore �eld.
εij =

√
εiεj, Rmin,ij =

Rmin,i + Rmin,j

2
(2.12)2.2 Radial Distribution FuntionThe radial distribution funtion (RDF) in statistial mehanis gives the prob-ability of identifying a partile in the ertain distane of another partile. Usually,we denote this funtion as g(r) with r representing the distane away from a referenepartile. Distanes between all pairs of referene partile and onsidered partile arealulated and binned into a histogram to ount the number of partile at eah separa-tion. In order to obtain the probability, the number of partile needs to be divided bythe volume it oupies as the separation from the referene varies. Consider a spheri-al sampling region with distane r from the referene and ∆r as the thikness. Theoupying volume of the onsidered partile is given by:

V =
4

3
π[(r + ∆r)3 − r3] ≈ 4πr2∆r (2.13)Divided the number of partile at eah separation by this volume fator gives thenumber density at eah separation. Furthermore, if we onsider the mean numberdensity in the whole system as ρ, g(r) an be obtained by normalizing the numberdensity at eah separation with the mean number density.

g(r) =
n(r)

ρ4πr2∆r
(2.14)21



As g(r) is greater than one, it indiates an enhanement of distribution of the onsideredpartile in this region; as g(r) is less than one, it indiates an derease of probability of�nding the onsidered partile in this region. g(r) provides useful information about thestruture of liquid and it an also be obtained by experiment suh as X-ray di�ration.Therefore, it is a useful piee of information to verify the fore �eld in the alulation.We note that the disussion of RDF usually applies to the bulk system with-out interfaes in any dimensions. In a system possessing the interfae, suh as theliquid-vapor interfae system, one an onsider the depth-dependent transverse distri-bution funtions. [103, 104℄ In the alulations, the system is �rst divided into severalslabs paralleling to the interfae with �nite-width along the normal vetor of the in-terfae. Then, in eah slab, one-dimensional transverse distribution funtion an beobtained. Suh a onsideration an re�et the strutural hanges of the liquid partileas a funtion of distane from the interfae.2.3 Density Pro�lesBesides the radial distribution funtion, sometimes it is also important to knowthe exat density of partiles along a spei� diretion, whih is the density pro�le.Usually, the adopoted density here is the number density of one speies in the system.Considering a liquid-vapor interfae system with the normal vetor along z diretionfor an example. The density pro�le along this z diretion an be expressed as:
ρ(z) =

< N(z) >

Lx × Ly × ∆z
(2.15)where ρ(z) is the number density of partiles at a spei� z position and < N(z) > isthe orresponding average number of partiles in the slie at z position. In order toobtain a smooth density pro�le, the omputed density pro�le an be further �t to anerror funtion with the following form: [105, 106, 107℄

ρ(z) =
1

2
(ρL + ρV) − 1

2
(ρL − ρV)erf

(

z − z0

δe

) (2.16)where ρL is the density of liquid phase and ρV is the density of the vapor phase, z0is the position alled Gibbs dividing surfae (GDS) where water density is around22



half of the bulk density, δe is the intrinsi interfaial thikness. Besides �tting to theerror funtion, it is also possible to apply a hyperboli tangent funtion to smooth theomputed density pro�le based on the form: [108, 109, 110, 111℄
ρ(z) =

1

2
(ρL + ρV) − 1

2
(ρL − ρV)tanh

(

z − z0

δt

) (2.17)
δt is the intrinsi interfaial thikness from hyperboli tangent �t. There are signi�antdi�erenes between the intrinsi interfaial thikness obtained from error funtion �t
δe and hyperboli tangent funtion �t δt. In order for a diret omparison, interfaialthikness based on �10-90� de�nition δ usually applies. Base on this de�nition, theinterfaial thikness is the width over the region density hanging from 10% to 90%.There is a diret relationship between �10-90� thikness and intrinsi interfaial thik-ness: δ10−90

e = 1.8124δe and δ10−90
t = 2.1972δt. Usually δ10−90

e should be quite lose to
δ10−90
t . These interfaial thikness an be applied to estimate the ritial temperature.With inreasing of the temperature, the thikness of the interfae inreases and at theritial temperature it reah to the in�nite. A linear relationship an be found betweentemperature and the reiproal of the thikness. Therefore, the interept of the linebetween T and 1/δ an be an estimate of the ritial temperature.2.4 Surfae TensionWater moleules around the surfae bear the imbalaned fores. Water-waterinteration is muh stronger than water-air interation, resulting in a net inward forefor water moleules around the surfae and this is the origin of surfae tension. Surfaetension an be alulated from the average di�erene in the normal and tangentialelements of the internal pressure tensor by the following equation: [112℄

γ=
Lz

2
(Pzz −

Pxx + Pyy

2
) (2.18)In the alulation, z diretion is onsidered as the diretion normal to the surfae, xand y diretions are onsidered as the diretions tangential to the surfae. Therefore,

Pxx and Pyy are the tangential elements of internal pressure tensor, Pzz is the normal23



element of internal pressure tensor, Lz is the simulation ell length in the z diretion.The magnitude of surfae tension depends on the temperature. At higher temperature,the interfaial water moleules have less interations with eah other, resulting in aderease of surfae tension. As the temperature keep inreasing to the ritial point,a uniform �uid phase is reahed. One an predit the ritial temperature Tc fromthe surfae tension values at di�erent temperatures based on the following equation:[113, 114℄
γ(T ) = c1(1 − T

Tc

)11/9(1 − c2(1 − T

Tc

)) (2.19)
Tc an be obtained based on the nonlinear �tting from the above equation, whereunknown parameters c1 and c2 an be obtained simultaneously. Here, an exponentonstant 11/9 was applied, whih is suggested by previous publiation. [113, 114℄Besides this approah, the ritial temperature an also be obtained from a three-term Wegner expansion based on the ondensed phase and vapor phase density in thefollowing form: [115, 116, 117℄

ρLV = ρc + C2(1 − T

Tc
)±[B0(1 − T

Tc
)β + B1(1 − T

Tc
)β+∆] (2.20)where ρLV is the density from liquid phase or from vapor phase, ρc is the ritial density,

Tc is the ritial temperature, C2, B0 and B1 are variable onstants that an be obtainedfrom the �t, β and ∆ are the universal ritial parameters from the renormalizationgroup theory. β is taken to be 0.325 [118℄ and ∆ is taken to be 0.5[115℄. Usingthe optimization algorithm from Nelder and Mead, [119℄ the �t parameters an bedetermined. We note that aording to our previous study, [120℄ ritial temperaturebased on a Wegner �t usually results in a lower estimate value than that from thesurfae tension �tting approah from Equation 2.19.2.5 Vapor PressureIn the system of liquid-vapor interfae, vapor pressure is another importantproperty. Depending on whih diretion in the simulation box was de�ned as thenormal vetor, the vapor pressure Pvap equals to Pnornal. [121, 122℄ If z diretion is24



onsidered as the diretion normal to the surfae, then Pvap = Pnormal = Pzz. Similarto the surfae tension, the vapor pressure is also dependent on the temperature. Basedon the Antoine's law, [123℄ vapor pressure an be related to the temperature from thefollowing equation:
ln(Pvap) = A +

B

T + C
(2.21)where A, B, C are adjustable parameters an be determined from nonlinear �tting.Based on this equation, one an ompute the ritial pressure Pc from the ritialtemperature Tc.2.6 Dipole Moment Pro�leIn a moleule, due to the di�erenes in eletronegativity of various of atoms andthe geometry of the moleule, there exist a separation of positive and negative hargesin the moleule. In this ase, dipole moment µ is de�ne as the produt between hargeq and separation of the positive harge and negative harge d. Here, q is a salarand d is a vetor pointing from negative harge to positive harge. Therefore, µ isalso a vetor. Dipole moment is an important measurement of the eletrostati andgeometri property of the moleules. In the liquid-vapor interfae system, the dipolemoment pro�le of the solvent moleules along the normal vetor is usually onsidered.The magnitude of the dipole moment of one moleule an be alulated by the followingequation:

µ =

√

(
∑

i

qixi)2 + (
∑

i

qiyi)2 + (
∑

i

qizi)2 (2.22)where i denotes an atomi site in the moleule. The diretion of dipole moment analso be useful as a measurement of the orientation of the moleule. In a liquid-vaporinterfae system with z diretion as the normal vetor, usually the orientation of watermoleule an be estimated from θ, whih is de�ned as the interset angle between thez diretion and the dipole moment vetor in spae. Furthermore, order parameter anbe de�ned based on θ as P1 =< cos θ > and P2 =
1

2
< (3cos2θ − 1) >. P2 value lose
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to zero indiates a random orientation with less order for the water moleules in thesystem.2.7 Interfaial PotentialInterfaial potential is another important property for the liquid-vapor interfaesystem as a re�etion of a ombination of orientation and eletrostati state. Aordingto previous study, [124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 52℄ interfaialpotential an be determined by the double integration of the z omponent of hargedensity along the surfae normal as follows:
∆Φ(z) = Φ(z) − Φ(z0) = − 1

ǫ0

∫ z

z0

dz
′

∫ z
′

z0

dz
′′

ρ(z
′′

) (2.23)where z0 is the enter of mass of the bulk region and ρ(z
′′

) is the z omponent of hargedensity. The obtained interfaial potential an be further deomposed into two parts:ontributions from moleular dipole moment and from moleular quadrupole moment.[134, 135, 136℄ The dipole moment density is de�ned as:
Pz(z) =<

∑

m

δ(z − zm)(
∑

i

qimzim) > (2.24)where the indies m and i denote a moleule and an atom site within the moleule.The dipole moment ontribution then is omputed via the integration of the dipolemoment density Pz(z) over z diretion:
∆ΦM = − 1

ǫ0

∫ ∞

z0

dzPz(z) (2.25)Further, the quadrupole moment density an be expressed as:
Qzz(z) =<

∑

m

δ(z − zm)(
1

2

∑

i

qimz2
im) > (2.26)In both the alulation of dipole moment density and quadrupole moment density, oxy-gen atom in the water moleule was taken to be the moleular spei� enter zim. Thequadrupole ontribution to the interfaial potential is alulated from the di�erene ofquadrupole denisity Qzz(∞) and a referene value Qzz(0).

∆ΦQ = − 1

ǫ0

|Qzz(∞) − Qzz(0)| (2.27)
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2.8 Free Energy and Potential of Mean ForeFree energy is onsidered to be a ritial quantity in thermodynamis sine itdetermines the equilibrium state of a system. For two de�ned states in the system, wean onsider one is the initial state and the other one is the �nal state. What we areabout is the free energy di�erene sine it determines whether the hange between thesetwo states is thermodynamially favorable or not. Based on the statistial mehanis,the free energy di�erene between these two states an be expressed in the following:
∆A = Afinal − Ainitial = − 1

β
ln

Qfinal

Qinitial
(2.28)

Qfinal and Qinitial represent the partition funtion of �nal and initial state respetively.This equation an be further simpli�ed as:
∆A = Afinal − Ainitial = − 1

β
ln

Pfinal

Pinitial
(2.29)

Pfinal and Pinitial represent the probability in the �nal and initial state. The logarithmirelationship implies that probabilities of �nding the system in di�erent states may havea tremendous di�erene due to the variation of free energy. Due to the limited time salein the omputational simulation, sometimes it is rather di�ult to sample the systemin some high free energy states. Several methods have been developed to overomethis sampling issue and we will disuss them in the later. In moleular dynamissimulation, sometimes we would like to have a detailed trak of the free energy hangealong a path from the initial state to the �nal state. In this ase, a olletive variableof the system an be de�ned and varies along the path. The free energy involves in thistype of olletive variable hange along a ertain path is alled potential of mean fore(PMF). If we onsider two partiles are brought together from an in�nite-separation,dissoiated state to the assoiated, ontat state, PMF is assoiated with the reversiblework in this proess. The onnetion between the PMF and free energy an be foundin early work by Kirkwood[137℄ as expressed in Equation 2.30. Reently, a re�nedexpression has been disussed by Wong et al as shown in Equation 2.31: [138℄
dA (ξ0)

dξ0
= −< Fξ0 >ξ0

(2.30)27



dA (ξ0)

dξ0
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〈
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∂V (x)
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〉
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〈
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〉

ξ0

− 1

β

〈

N−1
∑
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[
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)
dlUm

(qm)

dqξ
− δ(qm − lLm

)
dlLm

(qm)

dqξ

]

〉

ξ0 (2.31)where V is the potential energy and qξ is the generalized oordinate so the �rst termrepresents the negative value of mean fore exerted on the olletive variable of interestand integration of the mean fore along the domain of the olletive variable produethe PMF. The seond term is due to the volume saling of the transformation fromCartesian to generalized oordinates. The last term is onsidered as Leibnitzian on-tribution, whih aounts the interhange of integral and di�erential operators duringJaobian transformation. In our urrent study, sine the Cartesian representation ofolletive variable is retained, the Jaobian and Leibniz terms vanish. For this ase,Equation 2.31 returns to Equation 2.30, so the thermodynami free energy equals tothe PMF. Further, some sampling methods are disussed in order to overome the freeenergy barrier. We will disuss these methods in the following parts.2.8.1 Adaptive Biasing ForeAdaptive Biasing Fore (ABF) method is a way to enhane the sampling ofolletive variable in the high free energy region in order to obtain the onverged PMFpro�le. [139, 140, 141, 142℄ In the ABF method, a biasing fore opposing the atualfore arising from system omponents is periodially applied to the olletive variable togenerate what is e�etively a random walk along the olletive variable (purely di�usivedynamis). The ABF free energy gradient is estimated from the fore (Fξ0), whih isaumulated in small �nite bins of width δξ0. [143, 144℄ The applied biasing fore,whih is along the olletive variable ξ0 to overome free energy barriers, is alulatedas:
F ABF = ∇xÃ (ξ0) = − < Fξ0 >ξ0 (2.32)28



< Fξ0 >ξ0 denotes the urrent average of Fξ0 along the olletive variable. As theestimate of the free energy derivative ∇xÃ, is re�ned with more sampling over theourse of the simulation, the biasing fore FABF applied will ompensate the systemfore. As a result, no net fore will at along the olletive variable ξ0 over time allowingthe whole system dynamis to be di�usive. Sine we need a mean value of a property(fore) that depends on a ontinuous variable, we must integrate over the probabilitydensity distribution funtion of the olletive variable (〈Fξ(ξ)〉 =
∫

P (ξ)Fξ(ξ)dξ ).This distribution is represented by the aggregate of on�gurations generated from theMD simulation. To enhane sampling of the distribution of on�gurations where theolletive variable holds a partiular value, the olletive variable is restrained withina ertain narrow range (instead of its entire span). At the boundaries of the narrowrange of interest, relevant restraint potentials are introdued on the olletive variablein order to prevent it from moving outside of the desired range.2.8.2 Umbrella SamplingUmbrella sampling is another tehnique to improve the sampling of olletivevariable in on�guration spae. The basi idea underlying this method is to modifythe potential funtion so that it an ensure the adequate sampling through the wholeon�guration spae as shown in the following equation:
Utotal(r) = Uunbiased(r) + Ubisaed(r) (2.33)where Uunbiased(r) is the unbiased potential, Utotal(r) is the total potential after mod-i�ation and Ubiased(r) is the biased potential. Usually, the biased potential is in thefollowing form:

Ubisaed(r) = k(r − r0)
2 (2.34)

r0 means the equilibrium state and k is the fore onstant. The hoie of this foreonstant should be appropriate suh that it an overome the free energy barrier and atthe same time the neighboring windows an have enough overlap of along the reation
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oordinate. From this protool, the distribution of sampling on�gurations is non-Boltzmann. Weighted histogram analysis method then is applied to obtain the unbiasedfree energy pro�le. [145, 146℄2.9 Instantaneous Protein Interfae and Interfae FlutuationsWe disuss the protool to onstrut liquid-vapor interfae and protein-solventinterfaes. It has been previously explored by Willard and Chandler [147℄ that oneould onstrut a oarse-grained solvent density �eld from the atomi oordinate inindividual snapshot. Then the interfae related to the solvent is de�ned as a onstantdensity surfae for the oarse-grained �eld in spae. Spei�ally, in this work, weare interested in the water-vapor interfae and water-protein interfae. Therefore,water oxygen density �eld is onstruted as follows: we set up a series of spatial gridpoints and ompute the orresponding oarse-grained densities at spae-time point r,t, represented as ρ̄(r, t) by Equation 2.35.
ρ̄(r, t) =

∑

i

Φ(|r − ri(t)|; ξ) (2.35)where ri(t) is the ith water oxygen atom's position in spae and summation of eahwater moleule's density ontribution in the whole spae to this point yields the oarse-grained density of the partiular grid point. Eah water moleule's density ontributionis modeled as a Gaussian funtion in Equation 2.36.
Φ(r; ξ) = (2πξ2)−d/2exp(−r2/2ξ2) (2.36)where r is the magnitude of r, ξ is taken as 3.0 Å, and d stands for dimensionality (3in this ase). The �nal d dimensional density �eld will be onstruted by aquiringeah grid point's density. Then the interfae is determined as the (d − 1)-dimensionalmanifold with a onstant value c. In pratie, some di�erenes arise to onstrut theliquid-vapor interfae and liquid-protein interfae in this work onsidering the shapeof the liquid-vapor interfae is �atter while protein-water interfae possesses some ur-vature. Therefore, we selet Cartesian oordinate system to onstrut the liquid-vapor30



interfae and spherial oordinate system for protein-water interfae. For the liquid-vapor interfae, oordinate (x,y,z) for eah grid points in spae is set up and the surfaeis obtained as the manifold by setting ρ(x, y, z) = ρbulk/2. That is, for a spei� (x, y)oordinate set in 3 dimensional spae, it de�nes a line whih is parallel to the z axis.Along this line, if water density of one point satis�es ondition ρ(x, y, z) = ρbulk/2, thenthis point is assigned to the interfae. This instantaneous surfae is denoted as (ht(x, y),at time t). We an average these instantaneous surfaes to obtain the mean surfae
〈h(x, y)〉 and furthermore, subtrating the mean values from the ht(x, y), we obtain
δht(x, y) as surfae height and the height �utuations 〈δh2(x, y)〉. For protein-waterinterfae, grid points in spae are de�ned by (r, θ, φ) and for a spei� (θ,φ) oordinateset in the spherial system, it de�nes a radial vetor. r is the radial distane of endpoint of the radius vetor from the origin (0,0,0); θ is polar angle, whih is de�nedas intersetion angle between the radius vetor and the positive z vetor; and φ is az-imuthal angle de�ned by the positive x vetor and orthogonal projetion of the radiusvetor on XY plane. The spherial oordinates (r, θ, φ) of a point ould be derived fromits Cartesian oordinates (x,y,z) by the following formulas: r = |r| =

√

x2 + y2 + z2,
θ = arc cos(

x

r
) and φ = arc tan(

y

x
). Points are de�ned to belong to the interfae if

ρ(r0, θ, φ) = 0.6ρbulk. We use a di�erent onstant value c here ompared with liquid-vapor interfae ase beause this hoie will result in a more unambiguous onstrutionof protein-solvent interfae. We note that other parameters, ξ and d remain the sameas in the ase of the liquid-vapor interfae. Correspondingly, instantaneous proteininterfae an be expressed as (ht(θ, φ)), mean surfae as 〈h(θ, φ)〉, surfae height as
δht(θ, φ) and height �utuation as 〈δh2(θ, φ)〉.
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Chapter 3EVALUATION OF EFFECTIVE HYDROPHOBICITY AROUNDPROTEIN SURFACE AND IMPLICATIONS FOR BINDING PATCHTHROUGH HYDROPHOBIC EFFECTSReprodued with permission fromDi Cui, Shuhing Ou, Sandeep Patel. �Protein-Spanning Water Networks andImpliations for Predition of Protein-Protein Interations Mediated through Hydropho-bi E�ets." Proteins: Struture, Funtion, and Bioinformatis. 2014,82 (12), 3312-3326. Copyright © 2014, Wiley Periodials In.3.1 IntrodutionIt is generally aepted that water moleules play a ruial role for the stabilityof strutures, dynamis and funtions of biomoleules, suh as proteins. [148, 149, 150,151℄ One key feature of water moleules surrounding biomoleules is the tendeny toonnet and luster with eah other, forming branhed networks arising from short-ranged and diretional hydrogen bonding interations; the broad desription of thesestrutures has enjoyed a rih history in the ontext of perolation theories in redueddimensions[152, 153, 154, 155, 156℄. It's been suggested that the ontinuous (dynami)formation, dissolution, and rearrangement of water networks around protein surfaesis responsible for onformational transitions of the biomoleule. [157℄ The struturesof water networks are essentially determined by water-water interations and water-protein interations. [154, 158℄ Due to the strong heterogeneity of protein surfaes interms of both topography (loal, as well as global, geometry and shape) and hemialomposition, [15℄ the �rst hydration shell water moleules network arranges around theprotein in a non-uniformmanner. Water network struture is aommodated near some
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regions while disfavored near other regions. Therefore, distribution of water moleulesis dependent on loal environment de�ned by the ombination of water and proteinresidue density at a point in spae in the viinity of the protein/solvent interfae. Theloal environment is thus de�ned by a olletion of protein residues. For instane,a anonially-de�ned hydrophobi residue may represent a more or less hydrophobienvironment right in the viinity of its spatial loation due to perturbations from itsneighboring residues as disussed by Giombavtista et al[26℄ and others [27, 159℄. Thesearguments and observations lead to the perspetive of e�etive hydrophobiity of aprotein surfae residue, whih warrants the view that the hydrophobiity of a group isontext-dependent and thus a re�etion of multiple e�ets of surrounding moieties onprotein surfaes. [28℄Evaluating the e�etive hydrophobiity of protein surfae regions is importantsine various observations indiate a orrelation between e�etive hydrophobi regions,de�ned by groups of residues with high e�etive hydrophobiity, and binding pathesof proteins that are predominantly mediated by hydrophobi e�ets for the assoiation.[160, 161℄ Sine a hydrophobi solute (generally of dimensions up to about 1 nanometerin diameter) is often onsidered (due to a variety of physial rationalizations) inapableof hydrogen bonding with water, water-water hydrogen bonds are reoriented along thesurfae of hydrophobe in order to minimize disruption of the three-dimensional hydro-gen bonded network of water moleules. This leads to a strutured water age aroundthe hydrophobe in the spirit of the lassial Frank and Evans model.[8℄ The propensityof water moleules to predominantly adopt a subset of on�gurations to maximize in-teration leads to signi�ant loss of on�gurational entropy of water moleules. Suhunfavorable e�ets an be minimized if hydrophobe moleules aggregate. Upon aggre-gation, water moleules surrounding the hydrophobi aggregate experiene a loss inhydrogen-bonding network interations (inreased orientational and translational free-dom); onomitantly, the solvent-exposed surfae area of suh aggregates is smallerthan the sum of surfae areas of individual solutes. This makes the entropi ontribu-tion less unfavorable and, hene, makes the free energy more favorable (though still not33



neessarily ditating a state with minimum free energy under the appropriate externalonstraints). The hydrophobi e�et is generally onsidered to be one of the driv-ing fores for protein assoiations [162, 163, 91℄ as well as hydrophobi self-assemblyof mielles, lipids, and lipid bilayers. In suh assoiation, one an onsider regionsof enhaned e�etive hydrophobiity assoiate under a mehanisti proess desribedabove. From the perspetive of individual protein residues, those loated within re-gions of higher e�etive hydrophobiity bear higher propensity to belong to bindinginterfae(s) of the protein, assoiating with e�etively hydrophobi residues from otherproteins to avoid diret exposure in the aqueous medium. This is not to onludethat protein-protein assoiation is prediated solely on interations between e�etivelyhydrophobi regions. The omplexity of protein surfaes leads to multiple types ofinterations. These inlude hydrogen bonding, ion pairing, interations mediated byaromati rings and the existene of these interations may balane the ratio betweenhydrophili residues and hydrophobi residues on protein interfaes, [161, 164℄ espe-ially for those weak-binding proteins.The idea of e�etive hydrophobiity o�ers a further way to view assoiation ofproteins in the weak binding limit. The desription of weak-binding proteins is usuallybased on protein-protein interation strength with an equilibrium dissoiation onstant
Kd larger than 1 µM. The low-a�nity nature of these proteins make them rapidlyassemble and disassemble within a protein network whih is important for mediatingmany ellular events. [165℄ It has been shown that the lower binding a�nities forthese proteins orrespond to some strutural harateristis involving smaller and lesshydrophobi protein-protein interfaes. [166℄ These strutural harateristis lessen thehydrophobi e�et so that unlike obligate proteins, whih exist in the form of omplexesto avoid exposure of hydrophobi interfaes to solvent, single weak-binding proteinswould be stable on their own in vivo. A onsequent question involves distintions ofe�etive hydrophobi and hydrophili regions on these protein interfaes and furtherevaluation of hydrophobi e�ets in mediating weak protein-protein interations. Inthe present study, we will spei�ally fous on identi�ation of e�etive hydrophobi34



regions for small, weak-binding proteins.A straightforward approah to identifying e�etive hydrophobi protein surfaeregions might exploit behaviors of �rst solvation shell water networks. Due to thehydrophobi nature, water networks should display a more signi�ant propensity toform around the e�etive hydrophili regions, while showing virtually no preferenefor the e�etive hydrophobi regions. Godawat et al [36℄ monitored the water densitynear the surfaes of fully solvated self-assembled monolayers (SAMs) with di�erentfuntional groups exposed in aqueous solution and found that water density shows apoor distintion around hydrophobi head groups (-CF3, -CH3) and hydrophili headgroups (-OH , -CONH2). Alternatively, it has been suggested that di�erenes arisewhen onsidering the �utuations of water density near the two regions. Enhaned�utuations, re�eted by the broad probability distributions of water number densityare observed around e�etive hydrophobi surfaes ompared with the bulk solutionand e�etive hydrophili surfaes. [28, 34℄ Moreover, the enhaned density �utuationsaround hydrophobi surfaes ould further be haraterized by more ompressible hy-dration shells and inreased avity formation, [167, 168℄ indiating that the nature ofhydration shells around hydrophobi surfaes is softer and more �ikering than that ofhydrophili ones. This approah has been further explored reently by Patel et al [35℄,who presented a more e�ient method to estimate the avity formation free energy toharaterize e�etive hydrophobiity of the protein hydrophobin-II (HFBII). Further-more, instead of onsidering water density �utuation, Cui et al [169℄ distinguished thee�etive hydrophobiity of three di�erent regions of HFBII based on the protein-solventinterfae height �utuations [169℄. Although oneptually di�erent from water density�utuations, these studies re�et the malleable nature of hydration water struturearound e�etive hydrophobi protein surfaes.Another approah to map the e�etive hydrophobiity on protein surfaes istaken by Aharya et al, [27℄ who performed simulations of HFBII protein in aqueoussolution with limited amounts of probe hydrophobi solutes and onsidered the loalnumber density of small probe solutes in the viinity of di�erent regions of the protein.35



Inspired by this, we propose a somewhat omplementary, or �in like spirit�, protoolto identify ostensibly hydrophobi interation regions of a protein with known three-dimensional struture, using loal water number around solutes to sale the e�etivehydrophobiity. Instead of using atual, physial hydrophobi entities, we use theamount of water as probe, onsidering the distribution of water moleules around thehydrated protein surfae. In theory, there should be an existene of a ritial hydrationlevel at whih water network overage will manifest a distint variane around e�etivehydrophobi groups and e�etive hydrophili ones. In this sense, we ould determinethe e�etive hydrophobiity around protein surfaes at this ritial hydration level.Thus, one objetive of this work is to study a single hydrated protein with di�erentnumbers of hydration water by omputational simulation method so as to loate aproper hydration level that would identify the e�etive hydrophobi region.This study is organized as follows. In Setion 3.2 we present the omputationaldetails and seleted proteins in this study. Our results are organized in Setion 3.3,starting with probing the e�etive hydrophobi regions of two representative proteins:ubiquitin and HFBII and manifesting our whole approah; assessment of the protoolwith other proteins and omparison of our identi�ed e�etive hydrophobi regions withexperimentally determined results are presented next. We �nish with our onlusionsand general disussion in Setion 3.4 for this hapter.3.2 Materials and Method3.2.1 Seletion of ProteinsSeveral types of protein-protein interations fall into the ategory of weak-binding. Interations between ubiquitin and ubiquitin-binding domains (UBDs), whihare ritial downstream of the ubiquitylation event, are typially weak with Kd around10-500 µ M. It has been extensively haraterized so far that the interation surfaeson ubiquitin with UBDs involve a hydrophobi path (residues L8-I44-H68-V70). Mu-tation of these key residues on ubiquitin [170℄ has suggested that these regions areinvolved intimately in the binding interfae. In light of this, we selet this protein as a
36



andidate to establish a protool to identify this widely aepted e�etive hydrophobibinding region. This protool would further apply to its binding partners, UBDs withdiverse strutures, inluding CUE domain, [171℄ UBA of DSK2, [172℄ GGA3 GAT do-main, [173℄ and UBA of Human BMSC-Ubp [174℄. Moreover, some proteins bearingsimilarities in struture and sequene to ubiquitin, de�ned as ubiquitin-like proteins,are also onsidered here. These proteins inlude Ubl-domain of HHR23A, [175℄ Ubl-domain of HHR23B [176℄ and NEDD8 [177℄. Another kind of weak-binding proteinis Sr-homology-3 domain(SH3), whih is found in the ontext of proteins involved insignaling pathways regulating several biologial funtions. [178℄ Several types of SH3domain protein along with their binding partners are investigated in this study, in-luding Sla1 SH3-3 domain, [179℄ Nk-2 SH3 domain and its binding partner Pinh-1LIM4 domain, [180℄ CIN85 SH3-3 domain, [181℄ Abl SH3 domain and its binding part-ner Crk SH2 domain. [182℄ Histidine phosphoarrier protein (HPr) is a small proteinplaying a vital role in the proess of phosphoryl group transfer in phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS). This funtion is largely determinedby the fat HPr an form weak omplexes with several enzymes in this proess. There-fore, HPr protein is also one of the andidates in the study. Finally, as a ontrol study,we onsider to evaluate the e�etive hydrophobi region of an obligate protein HFBIIthat is present as a dimer in solution. HFBII is a protein expressed by �lamentous fungiand is known for its ability to form a hydrophobi oating on the surfae of an objetand it an self-assemble into a monolayer on hydrophobi/hydrophili interfaes. [183℄These funtions are mainly determined by the amphiphili strutural haraterization.On one side of the protein, there is a large hydrophobi path that onsists of residuesL7, V18, L19, L21, I22, V24, V54, V57, A58, A61, L62 and L63; other regions of theprotein surfae are generally hydrophili. These distintive regions o�ering di�erentlevels of e�etive hydrophobiity make HFBII an ideal protein for further testing ofour protool.
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3.2.2 Simulation DetailsMoleular dynamis simulations were performed with NAMD, version 2.9b3,[184,185℄ using the CHARMM 22 all-atom fore �eld (Chemistry at Harvard moleular me-hanis) [186℄ with CMAP bakbone torsion orretion term.[187℄ Canonial ensemble(NVT) simulations were performed using a ubi ell with a box size 100 Å × 100Å × 100 Å, and periodi boundary onditions were applied. Sine we are interestedin small, weak-binding proteins (typially with numbers of amino aid residues lessthan 150), even with the onsideration of �rst two hydration layers, the diameters ofthe hydrated proteins are no larger than 60 Å. Therefore, the box size we applied issu�ient to avoid van der Waals (VDW) interations from images. The initial stru-tures of the proteins were obtained from Protein Data Bank [188℄ and prepared usingCHARMM-GUI. [189℄ A single protein was plaed in the enter of the box and to-tally �xed during the simulation, surrounded by desired amounts of TIP3P model[190℄water moleules. The number of water moleules was hosen to over the perolationthresholds (further disussion below) of the proteins. Based on previous work fromBrovhenko et al [156℄ on the determination of the water perolation threshold arounda small globular protein, lysozyme, we test a range of solvating water numbers from
Nw = 200 to 1000 to span aross the perolation threshold of the proteins under study.If the proteins are net harged, opposite harges are uniformly distributed among allthe atoms of proteins in order to make the system neutral during the simulation (forexample, the total harge on protein Cue2 was -5e, so we add a harge of +5e/780 ≈0.0064e to eah atom of the Cue2 moleule); this is an adaptation of the protool ofBrovhenko et al [156℄. Constant temperature was maintained by Langevin bath at300K, and the pressure was kept onstant by Langevin pressure ontrol at 1 atm. Aswithing distane of 8 Å, non-bonded real-spae uto� of 9 Å and pairlist generationdistane of 10 Å were used for the van der Waals interations. The partile mesh Ewald(PME) method was employed for the alulation of onditionally-onvergent eletro-stati interations.[191℄ The number of grid points of PME in x dimension is 100, in ydimension is 100, and in z dimension is 100 (as lose to a 1Å grid point separation as38



possible). The SHAKE algorithm [192℄ was used to onstrain bond lengths involvinghydrogen atoms and an integration time step of 2 fs was used. The trajetories weresaved every 10 ps and the �rst 5ns was allowed for equilibration before a total of 50nsprodution data were generated for proteins with eah hydration level. One snapshotof the simulation system in equilibrated state is shown in Figure 3.1A and B.
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Figure 3.1: (A) Representative snapshot of ubiquitin solvated by 600 water moleules(B) Representative snapshot of ubiquitin solvated by 600 water moleules(rotated by 180◦ of Panel A).
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3.3 Results3.3.1 Water Networks around UbiquitinPrevious reports indiate the existene of a minimum amount of hydration waterfor proteins to perform their biologial funtions [193℄, and this minimum amount ofwater usually orrelates with the hydration level for the formation of the spanningwater networks around protein surfae. Inspired by this, we antiipate that the ritialhydration level around a single protein surfae that best distinguishes the e�etivehydrophobi and hydrophili regions will also be related to the appearane of spanningwater networks. That is, the hydration level (number of waters) that gives rise to aninitial single, self-onneted network of water moleules on the protein surfae ouldbe used as a �lter for separating the most e�etively hydrophobi and hydrophiliregions of the protein surfae. That is to say, at the perolation threshold, where asingle large networked water luster is formed on the protein surfae, the network willavoid e�etively hydrophobi regions and over e�etively hydrophili regions. Herewe are probing this perolation transition by inreasing the number of hydration watermoleules; we are foring a wetting of the protein surfae. In a reent study, Patelet al [194℄ explore hydrophobi interfaes of proteins in the ontext of their dewettingbehaviors upon external perturbing potentials. The authors suggest that e�etivelyhydrophobi regions of a protein, when involved in interations with other partners,will undergo dewetting. This is very similar to the perolation network avoiding thee�etively hydrophobi regions of a protein as we onsider in this work. This spanningwater network ould be further evaluated as the largest water luster in the biologialsystem as shown in previous publiations. [195, 196, 156℄ Here we onsider the largestwater luster within the �rst hydration shell of ubiquitin at di�erent hydration levelsinluding Nw = 400, 500, 600, 700, 800 and 900. A water moleule belongs to the�rst hydration shell if the distane between its oxygen and the nearest heavy atom ofthe protein is < 5.0 Å, whih is based on the minima in the pair orrelation funtionsbetween the water oxygen and the heavy atoms of the protein as shown in Figure3.2. A water luster is de�ned by a ontinuous onnetion of water moleules by41
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Figure 3.2: (A) Distribution of distane between water oxygen and the nearest heavyatom of protein ubiquitin (B) Distribution of distane between wateroxygen and the nearest heavy atom of protein HFBII.hydrogen-bonds. Two water moleules are de�ned as hydrogen-bonded by a ombineddistane-energy riterion suh that the distane between the oxygen atoms is < 3.5 Åand the water-water interation energy is < -2.7 kal/mol. [197℄ The size of the luster
n, is onsidered to be the number of water moleules forming the luster. [152℄ Themethodology employed here is based on the literature of perolation theory as appliedto aqueous networks [152℄.An arrangement of water moleules belonging to the largest water luster arounda single ubiquitin with Nw = 600 is shown in Figure 3.3A. We onsider the probabilitydistribution P(Smax) of the size of the largest water luster Smax in the system whihan be obtained from the evolution of Smax with simulation time as shown in Figure
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3.3B. P(Smax) of single ubiquitin at various hydration levels is shown in Figure 3.3C-H.Spanning and nonspanning largest lusters an be distinguished by onsidering thatthe left-hand peak of the distribution pro�le (Panel C) orresponds to the largest non-spanning water luster, while the right-hand peak orresponds to the largest spanningwater luster (Panel G and H). In the middle range of hydration levels, the distributionpro�les are bimodal; with inreasing hydration levels from Nw = 500 to Nw = 700, theheight of the right peak outweighs that of the left, indiating a transition betweennonspanning to spanning water luster, whih is termed as the perolation transition.[198, 195℄ With Nw = 500, the probability of the spanning water luster reahes about50%, whih is onsidered as the lower boundary of the perolation threshold; with Nw= 700, the probability of the spanning water luster beomes dominant with a marginalpeak for nonspanning luster and a more pronouned peak for the spanning luster,whih is onsidered as the upper boundary of the perolation threshold. To furtherexplore whih hydration level is the ritial one, we next onsider the water densitydistribution around single ubiquitin with hydration level Nw = 500, Nw = 600 and Nw= 700 respetively. Our goal is to ompare the hydration for the known e�etive hy-drophobi region of this protein (reported as the hydrophobi binding path involvingL8, I44, G47, H68 and V70) at these three hydration levels in order to onnet theP(Smax) distribution pro�le with an optimized hydration level at whih to evaluate thee�etive hydrophobi region based on the water density distribution in the viinity ofa partiular region.3.3.2 Surfae Water Density around UbiquitinHaving determined the perolation threshold, we next disuss our approah toassess the water density in the loal viinity of a protein surfae residue. We adopta residue-based approah to haraterize the water density distribution around singleprotein. First hydration shell water moleules are assigned to belong to the nearestamino aid residue around them; the distane between a water moleule and one aminoaid is de�ned as the shortest separation between any of the heavy atoms of the residue
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Figure 3.3: (A) Arrangement of water moleules on the surfae of ubiquitin solvatedby 600 water moleules. The water moleules that belong to the largestluster are olored in blue; those of all other water moleules in red(B) Evolution of the largest water luster size (C)-(H) Probability distri-bution P(Smax) for the largest luster size Smax of the water moleulesaround ubiquitin protein surfae at various hydration levels from Nw =400 to Nw = 900. 44



and the oxygen atom of the water. Despite this approah for assignment, the preseneof water moleules in a spei� loation in spae is not solely a�eted by their nearestamino aid residue. As we have mentioned in the Introdution, this is atually ontextdependent and an e�et resulting from all the possible interations between a watermoleule and residues, inluding the nearby residues and neighboring water moleules.The reason we adopt this residue-based assignment is that it allows us to ompare ouridenti�ed e�etive hydrophobi region with the literature reported hydrophobi bindingpathes of the proteins, whih is usually based on the unit of residue. For eah aminoaid residue on protein surfae, the surfae area exposed to the solvent is dissimilar,leading to a natural bias in the number of hydration waters. To aount for this, wede�ne a surfae water density to desribe the hydration level around individual aminoaid residues using the following relation:
Nden =

< Nw >

Ssasa
(3.1)where Nden is the surfae water density, < Nw > is the average number of watermoleules around eah residue and Ssasa is the solvent aessible surfae area (SASA) ofthe residue, whih is de�ned by Lee and Rihards to measure the surfae area of proteinresidues aessible by the solvent moleules within a spei� radius of a probe moleule[199, 200℄. Using CHARMM, the SASA for eah residue was obtained by analyzing theinitial struture of protein moleule using the �COOR SURFACE� module with a proberadius of 1.4 Å. Surfae water density around eah amino aid residue of ubiquitin isshown as a bar graph in Figure 3.4. Sine we are interested in the loation of e�e-tive hydrophobi region exposed on protein surfae, we do not onsider those residuesburied inside of the protein with little to no SASA. In this sense, we only onsider theresidues with SASA larger than 20 Å2. We note suh a riterion ould essentially givea similar seletion of the exposed residues based on other online servers. [201℄ We notethat this approah will lead to variations of the omputed SASA for the same residuedepending on the loal environment of the residue; in our opinion, this is neessary aswell for inorporating loal e�ets. For these residues, a more straightforward way to45



display the surfae water density is to map this information around the three dimen-sional struture of the protein. Figure 3.5 qualitatively displays a olored map of thesurfae water density around di�erent residues of the protein ubiquitin embedded inan aqueous medium with Nw = 600. Red olour depits regions with low-hydrationlevels; while blue olour represents regions with high-hydration levels. Obviously, nearthe C-terminal there is a path that is omposed of low-hydrated residues, whih isthe e�etive hydrophobi region we seek; exept for this area, other regions around theprotein surfae manifest a middle to high level of hydration. Considering the struturalontinuity of pathes on the protein surfae, a mathematially rigorous way to outlinethis region should be based on the luster analysis of low-hydrated residues, de�nedby the residues with a surfae water density less than 50 × 10−3 Å−2. Based on thepositions of enters of mass of these seleted residues on protein surfae, single-linkagelustering [202℄ is applied to identify their lustering (grouping) information. We turnto the lustering analysis next. Regarding the outlined protool, we note that thehoie of density is a free parameter, and an be seleted on a by-protein basis. Inthis work, however, we use the same value of the threshold water density throughout.Furthermore, this value may depend on the moleular mehanis fore �elds used todesribe both water and protein, and this should be kept in mind upon appliation ofsuh a protool.3.3.3 Cluster Analysis to Identify the E�etive Hydrophobi InterfaeIn this setion, we disuss our approah for lustering residues with similar asso-iated water densities, with the lustering being determined by a hosen level (distane)of spatial proximity (separation of residues). We use single linkage lustering[202℄, asimple, diret method, but appropriate for our purposes. For single-linkage lustering,eah element (eah residue assoiated with the threshold water density) to be assignedto a luster is initially onsidered as a luster of its own. Thus initially, the distanebetween two lusters is de�ned as the minimum separation between two elements (onein eah luster) in eah amino aid residue with seleted threshold water density. The
46
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Figure 3.4: Surfae area water density around eah amino aid residue of ubiquitinprotein at hydration level of Nw = 600.
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Figure 3.5: Water density map around ubiquitin with Nw = 600. (A) and (B) rep-resent two side of the protein respetively with a rotation of 180 ◦. Redolour indiates a lower water density; blue olour indiates a higherwater density.
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grouping of amino aid residues into lusters proeeds by de�ning a separation uto�(minimum separation between elements of eah luster determined up to this point).With inreasing separation uto�, two existing lusters would merge into a larger one ifthe distane between these two lusters is less than the uto�. Finally, all elements arelassi�ed into one single luster as the uto� beomes su�iently large to enompassall elements. The lustering result an be visualized as a dendrogram shown in Figure3.6. The X axis displays the sequene of amino aid residues and the Y axis depits theuto� separation distanes used to assign elements into a single luster. With a spei�separation uto�, the orresponding point on Y axis is loated. A line that passes thispoint and is parallel to the X axis an be drawn and the number of intersetion pointsbetween this line and the dendrogram orresponds to the number of lusters underthis uto�. The amino aid residues in the luster orrespond to those whose verti-al line projetions interset the horizontal line representing the separation uto�. Asmentioned before, we would like to ompare the identi�ed e�etive hydrophobi regionof this protein at di�erent hydration levels around the perolation threshold inluding
Nw = 500, Nw = 600 and Nw = 700. Figures 3.6A, B and C depit the lusteringof low-hydrated residues of ubiquitin under these three hydration levels respetively.Based on the previous study, a uto� distane of 8.0 Å was applied to de�ne elementsin spae as a luster.[30℄ At the hydration level of Nw = 500 (Figure 3.6A), residuesF4, L73, V70, L71, G47, I44, H68, L8, K6, T9 and G10 an be onsidered to form alarge path, whih is further represented in Figure 3.7A; at Nw = 600 (Figure 3.6B),residues G47, I44, H68, V70, L8, T9 and G10 onstitute the hydrophobi luster shownin Figure 3.7B; at Nw = 700 (Figure 3.6C), the luster redues its size to only ontainthree elements: L8, T9 and V70, as in Figure 3.7C. Figure 3.7D shows the literaturereported hydrophobi interation interfae of ubiquitin inluding L8, I44, G47, H68and V70. With Nw = 600, the identi�ed e�etive hydrophobi region mathes bestwith these residues. Therefore, Nw = 600 is the ritial hydration level to distinguishthe e�etive hydrophobi and hydrophili region. At Nw = 500, low hydration levelwill limit the formation of a spanning water network that essentially ould over all49



the hydrophili regions around protein surfae, so some of the hydrophili residues thatare lose to the e�etive hydrophobi region are exposed on protein surfae with lowerwater density leading to a false positive in the estimation of the e�etive hydropho-bi region; at Nw = 700, water moleules will over all the hydrophili region, withthe extra being retained around the e�etive hydrophobi region, leading to a falsenegative in the estimation of e�etive hydrophobi region. We notie that Nw = 600orresponds to the hydration level in the middle of the perolation transition, wherethe probability of the largest spanning water luster just outweighs that of the non-spanning luster, as shown in Figure 3.3E. Besides using the probability distributionsP(Smax) for the largest luster size Smax around spei� protein, another way to loatethe perolation threshold is based on the probability distribution nS of lusters withvarious size S. It has been reported at the perolation threshold, nS and size S obeya power law nS ∼ S−τ , with the exponent termed as Fisher exponent. At perolationthreshold, the Fisher exponent orresponds to a spei� value for an in�nite system intheory. Depending on the dimensionality, this value is 187/91 for a 2d in�nite systemand 2.18 for a 3d in�nite system. [198℄ Around the real biomoleules, the H-bond basedformation of the water luster is �nite. This value is sensitive to the parameters tode�ne the water lusters. In this ase, it is the H-bond riteria with distane riterion
Rw representing the oxygen-oxygen distane and energy riterion Uw representing thewater-water pair interation energy. [195℄ Therefore, the spei� Fisher exponent valueto judge the perolation transition is ambiguous. In another approah, we judge thethreshold based on the onvergene of the Fisher exponent at various hydration levels.The idential representative protein ubiquitin was applied here. In the Figure 3.8, itdisplays the probability distribution nS of lusters with size S around the protein athydration levels ranging from Nw = 400 to Nw = 800 (Panel A to Panel E), with bothS and nS using log sale. The Fisher exponent at eah hydration level an be obtainedby �tting the distribution plot with S ranging from 0.5 to 1.5, orresponding to thelinear region of the distribution pro�le. The �tting Fisher exponent of various hydra-tion level is shown in Figure 3.8F. Apparently, a plateau region ours starting from50



hydration level Nw = 600, orresponding to the perolation threshold. This judgmentof loation of perolation threshold is onsistent with the approah from distribution oflargest water lusters in the system. Furthermore, the sampling interval between twosuessive hydration levels around a single protein surfae is 100 water moleules inour urrent approah. To verify whether this resolution is su�ient to apture suitablehydration levels to distinguish the e�etive hydrophobi regions, we test the lusteringof low-hydrated residues with more losely-spaed hydration levels between Nw = 600and Nw = 700, inluding Nw = 620, Nw = 640, Nw = 660 and Nw = 680 in Figure 3.9.The outomes suggest that the identi�ed low-hydrated pathes on protein surfae at
Nw = 620 and Nw = 640 are idential to the ase of Nw = 600; while at Nw = 660 and
Nw = 680, it is lose to the result from Nw = 700. Therefore, under detailed hydrationonditions, the identi�ed e�etive hydrophobi lusters remain the same as the onesfrom our initial hoie of hydration level for this test system.3.3.4 Another Example: HFBIIAs a further veri�ation of the approah to identify e�etive hydrophobi inter-faes originally developed from ubiquitin, we onsider another example, the protein HF-BII, whih has served as a typial protein to haraterize the e�etive hydrophobiity[27,35℄. Considering �rst the analysis of water networks, Figure 3.10 displays the probabil-ity distributions of the largest water luster around HFBII at various hydration levelsranging from Nw = 400 to Nw = 900. The hydration level of Nw = 500, exhibits thedominane of the spanning luster in the system. Therefore, we onsider Nw = 500 asthe ritial hydration level to loate the e�etive hydrophobi path for HFBII. Underthis hydration level, the dendrogram of low-hydrated residues and surfae water densitymap around the protein surfae are shown in Figure 3.11 and 3.12. In the independentwork of Patel et al. the authors show the hydrophobiity map of the idential proteinHFBII in Figure 4 of that work [35℄. Interestingly, both results indiate the existeneof two e�etive hydrophobi regions around protein surfae. In the present ase, thelarger one onsists of residues L7, P8, T16, V18, L19, L21, I22, V24, A61, L62 and
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Figure 3.6: (A) Cluster analysis of low-hydrated residues of ubiquitin with Nw =500 (B) Cluster analysis of low-hydrated residues of ubiquitin with Nw =600 (C) Cluster analysis of low-hydrated residues of ubiquitin with Nw= 700.
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Figure 3.7: (A) Representative of the luster of low-hydrated residues of ubiquitinwith Nw = 500 (B) Representative of the luster of low-hydrated residuesof ubiquitin with Nw = 600 (C) Representative of the luster of low-hydrated residues of ubiquitin with Nw = 700 (D) Representative of thereported binding path for ubiquitin. In all ases, the residues involvedare shown in blue olour.
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Figure 3.9: (A) Cluster analysis of low-hydrated residues of ubiquitin with Nw =620 (B) Cluster analysis of low-hydrated residues of ubiquitin with Nw =640 (C) Cluster analysis of low-hydrated residues of ubiquitin with Nw =660 (D) Cluster analysis of low-hydrated residues of ubiquitin with Nw= 680.
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Nw = 800 (F) Nw = 900.L63 (red in Figure 3.12A), orresponding to the binding residues of this protein whenit binds to other hydrophobi surfaes; the smaller one onsists of residues T35, A37,I38, A41, A44 and S45, loated at the other side of the protein (red in Figure 3.12B).We pause here to further address minor aspets related to our algorithm here.To distinguish e�etive hydrophobi regions from hydrophili ones in a most straight-forward way, we hoose the surfae water density. In a previous study, it has beenshown that around a fully hydrated surfae, the water density itself will give a poordistintion. Instead, the �utuation of the density ould be a more relevant property.However, we are dealing here with a partially solvated surfae with limited amountsof water in the system. Unlike previous studies with fully hydrated systems, water56



Figure 3.11: Cluster analysis of low-hydrated residues of HFBII at ritial hydrationlevel.
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Figure 3.12: Water density map around HFBII with Nw = 500. (A) and (B) representtwo side of the protein respetively with a rotation of 180 ◦. Red olourindiates a lower water density; blue olour indiates a higher waterdensity.
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in our system should be able to arrange between hydrophobi and hydrophili proteinsurfae regions; there is no onstraint that water density be equivalent at all positionsalong the protein surfae. Based on this, we simply utilize the surfae water densityto map e�etive hydrophobiity. For a further onnetion with previous work, we alsoonsider the �utuation of water number around eah residue on protein surfae whihis de�ned in the following equation.
Nfl =

< Nw
2 > − < Nw >2

< Nw >2
(3.2)where Nfl is the normalized �utuation of number of water around ertain residues;

< Nw > is the average number of water moleules as we previous de�ned. A mapre�eting the �utuation of number of water around ubiquitin surfae at ritial hy-dration level Nw = 600 is shown in Figure 3.13 with regions showing higher �utuationolored as red and regions showing lower �utuation olored as blue. Qualitatively, thehydrophobiity maps from our two approahes mathed with eah other, with lowersurfae water density region manifesting larger density �utuation, whih ould beonsidered as e�etive hydrophobi region. For ubiquitin, this region inludes L8, T9,G10, I44, G47, H68 and V70. A detailed omparison of the predition results betweenthese two approahes for more proteins an be found in Table 3.1. Due to the onsis-teny of the results, in the following setion, where we ompare our predited e�etivehydrophobi residues with the experimentally determined binding pathes, only resultsbased on the surfae water density are listed.3.3.5 Appliations to Other ProteinsNext, we onsider other proteins by identifying the e�etive hydrophobi pathesand evaluating the hydrophobi e�et in mediating their assoiations with other pro-teins. The proteins we probe in this paper are listed in the Seletion of Proteins setion.We note that suh seletion has onsidered some of the strutural harateristis ofthese proteins. These proteins are all globular proteins small in size, with numbers ofamino aid residues ranging from 60 to 150 and with nominal radius of gyration around
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Protein Based on surfae water density Based on �utuationUbiquitin L8, T9, G10, I44, G47, L8, T9, G10, I44, G47H68, V70 H68, V70, L71HFBII L7,P8,T16,V18,L19, G6, L7, P8, T16, V18,L21,I22,V24,Q60,A61, L21,I22,V24,Q60,A61,L62,L63 L62CUE domain I15, M19, P21, L41 I15, M19, N37, L39, L41,L47UBA of DSK2 M342, G343, F344, F345,Q362, M342, G343, F344, F345,L365,L369,N370,G371 L365, L369, G371GGA3 GAT domain F263,S267,L276,L280,Q281 F263, T269, L276, G277,L280UBA of Human BMSC-Ubp M76,G77,I78,Q79,Q96, M76, G77, I78, Q96,L99,F103, A104,P108 L99, L101, F103, A104Ubl-domain of HHR23A L10,Q11,Q12,I49,G52, I49, Y50, G52, V73, M75V73,M75Ubl-domain of HHR23B L8,Q10,I47,A49,G50,K51, I47, A49, G50, N68,K67,N68,F69,V71,M73 F69, V71, M73NEDD8 L8, T9, I44, G47, V70, L73 L8, I44, G47, H68Pinh-1 LIM4 domain I192, R197, P199 I192, P199Sla1 SH3-3 domain Y362,F364,P406,Q408,F409 Y362, F364, L404, P406,F409Nk-2 SH3 domain L203,Y204,V253 L203, Y204, V253CIN85 SH3-3 domain I275,F276,Y278,I302,V304, I275, F276, Y278, P319P319,K324Crk SH2 domain P67,P69,P70,V71,P72, P67, P69, P70, P72,P73,P75,A76,Q77,P78, P73, P75,A76, Q77,P79,P80,G81,V82 P78, P79, P80, G81Abl SH3 domain V67, L69, Y70, Y115 V67, L69, Y70, V119HPR F48, Q51, T52 L47, F48Table 3.1: Comparison of identi�ed e�etive hydrophobi regions based on surfaewater density and based on water number �utuation.
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Figure 3.13: Map based on the �utuation of number of water around ubiquitinsurfae at ritial hydration level.
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10 Å to 15 Å. These onsiderations in shape and size are neessary sine it has beenpointed out that there is an inrease of hydration water density around small solutesompared with larger ones. [203℄ In light of this, the proteins we investigated are allomparable in size with ubiquitin to allow us to use the same riteria to de�ne thelow-hydrated residues. For some of the proteins we studied, the main globular stru-tures have elongated tails at terminal regions, suh as Ubl-domain of HHR23B, whihhas a long tail at C-terminal end that is omposed of ten residues. The wire-like shapeleads to poor solvation of the tail. These regions should not be onsidered as e�etivehydrophobi interfae for the protein. A further test of this involves the remove of thetail for the initial struture to identify e�etive hydrophobi region. In Figure 3.14,we ompare the water density map for the protein at the idential hydration level Nw= 600 with and without the long tails. In both ases, the same e�etive hydrophobipath was identi�ed.Following our protool, we �rst onsider the largest water luster distribution atvarious hydration levels for eah protein, seleting the hydration levels orresponding tothe ase of just formation of the spanning luster in the system. In Table 3.2, it displaysthe ritial hydration levels to loate e�etive hydrophobi interfaes. Under thesehydration levels, the e�etive hydrophobi regions were identi�ed based on seletionof low-hydrated and surfae-exposed residues and further lustering them in spae.The orresponding dendrogram for eah protein is shown in Figure A.1-A.14 in theAppendix A. The summarized results for the elements of e�etive hydrophobi pathfor eah protein along with the literature reported residues that are responsible forthe hydrophobi assoiation of the protein are listed in Table 3.3. Here, we emphasizethat hydrophobi interation may serve as a key ontribution for these proteins to bindwith others, but it is not the sole ontributor. Therefore, the listed referene residuesinvolved in hydrophobi assoiation in the third olumn may not over all binding sitesfor the proteins. For example, for the interations between ubiquitin and ubiquitin
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Figure 3.14: (A) Water density map around protein Ubl-domain of HHR23B at rit-ial hydration level Nw = 600 with long tail around C-terminal (B)Water density map around protein Ubl-domain of HHR23B at ritialhydration level Nw = 600 without long tail around C-terminal.
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Protein Critial hydration levelsUbiquitin 600HFBII 500CUE domain 500UBA of DSK2 400GGA3 GAT domain 700UBA of Human BMSC-Ubp 300Ubl-domain of HHR23A 600Ubl-domain of HHR23B 600NEDD8 600Pinh-1 LIM4 domain 500Sla1 SH3-3 domain 500Nk-2 SH3 domain 600CIN85 SH3-3 domain 500Crk SH2 domain 600Abl SH3 domain 400HPR 500Table 3.2: Critial hydration level to identify e�etive hydrophobi regions for eahprotein.interation motifs (UIM), besides the hydrophobi interations mediated by L8-I44-H68-V70 pathes, residues ARG42, ARG72 and ARG74 involve extensive hydrogen-bonded interations with some of the GLU resides of UIM. [170, 204℄ Also, residuesGLU233 and ASN250 from Nk-2 SH3 domain are responsible for the hydrophiliinterations with Pinh-1 LIM4 domain. [180℄ These residues were not inluded in thereferene olumn for the omparison of e�etive hydrophobi regions. Besides, it hasbeen previously disussed by Winget et al [205℄ using ubiquitin as an example thatprotein-protein reognition is a ompliated issue involving spei� interations withdi�erent binding partners. However, it has also been noted that although there existdistint binding sites, a single protein atually possesses some onserved binding sitemotifs that are repeatedly used with di�erent binding partners. [206℄ The referenebinding loations we present in the table are based on these ommon motifs, onsideredas key residues.
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Protein Identi�ed pathes Reported pathesUbiquitin L8,T9,G10,I44,G47,H68,V70 L8,I44,G47,H68,V70[170℄CUE domain I15,M19,P21,L41 I15,M19,P21,L39,I43,L47[171℄UBA of DSK2 M342,G343,F344,F345,Q362, D341,M342,F344,V361,Q362,L365,L369,N370,G371 L365,L369[172℄GGA3 GAT domain F263,S267,L276,L280,Q281 F263,A266,L276,L280[173℄UBA of Human BMSC-Ubp M76,G77,I78,Q79,Q96,L99,F103, M76,I78,L99[174℄A104,P108Ubl-domain of HHR23A L10,Q11,Q12,I49,G52, L10,Q11,Q12,K47,I49,A51,K53,V73,M75 I54,V73,M75,T77,K78[175℄Ubl-domain of HHR23B L8,Q10,I47,A49,G50,K51,K67, L8,I47,V71,M73[176℄N68,F69,V71,M73NEDD8 L8,T9,I44,G47,V70,L73 L8,I44,V70[177℄Pinh-1 LIM4 domain I192,R197,P199 I192,R197,R198,P199[180℄Sla1 SH3-3 domain Y362,F364,P406,Q408,F409 Y362,F364,W391,P406,F409[179℄Nk-2 SH3 domain L203,Y204,V253 L203,V253,V254[180℄CIN85 SH3-3 domain I275,F276,Y278,I302,V304, F276,W306,P319,F322[181℄P319,K324Crk SH2 domain P67,P69,P70,V71,P72,P73,P75, P67,P69,V71,P72,P75[182℄A76,Q77,P78,P79,P80,G81,V82Abl SH3 domain V67, L69,Y70,Y115 Y70,F72,W99,W110,Y115[182℄HPR F48,Q51,T52 T16,R17,L47,F48,Q51[207℄HFBII L7,P8,T16,V18,L19,L21, V18,L19,L21,I22,V24,A61,L62,I22,V24,Q60,A61,L62,L63 L63[183℄Table 3.3: Identi�ed e�etive hydrophobi pathes for various kinds of proteins.
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For some of the proteins, more than one hydrophobi path around single pro-tein surfae were identi�ed, suh as in the ase of HFBII as previously disussed, UBAof Human BMSC-Ubp (Figure A.4 in the Appendix A) and Crk SH2 domain (FigureA.12 in the Appendix A). Considering the sizes of the proteins we investigated, usuallythere is only a single hydrophobi interfaial region involved in protein-protein assoi-ation. Therefore, only the omponents from the largest hydrophobi luster are listedhere to ompare with experimental results. Those identi�ed residues that math theones belonging to the hydrophobi binding path are presented in bold-fae type in theTable 3.3. Taking into aount the types of residues that were identi�ed as elementsof e�etive hydrophobi region, most of the residues belong to the strong hydrophobiresidues (LEU, ILE, VAL, ALA) de�ned by Kyte-Doolittle hydropathy values. How-ever, a small portion of residues that are traditionally lassi�ed as hydrophili residuesbased on Kyte-Doolittle hydropathy sale, suh as R197, P199 in Pinh-1 LIM4 do-main and Q11, Q12 in Ubl-domain of HHR23A, are deteted as e�etive hydrophobiresidues, whih re�ets the key point about the importane of onsidering the loalontext of a residue into aount in evaluating its hydrophobiity.For further assessment of the identi�ation results, we onsider the aurayand overage of our preditions. We use metris presented by Zhou et al[1℄.
Cov =

TP

RI
(3.3)

Acc =
TP

TP + FP
(3.4)where Cov is the overage; A is the auray; TP is the number of true preditionsbased on our approah; RI is the number of real residues involved in the hydrophobiassoiation aording to the literature, whih is the referene; FP is the number of falsepositives in the predition. Table 3.4 presents these results for various proteins. Over-all, our identi�ed e�etive hydrophobi regions math with the key reported bindingresidues of these proteins involved in hydrophobially-mediated assoiations, with anaverage overage around 75%. For the generation of the false positives, like residues66



K6, T9 and G10 in ubiquitin and residues P8, T16 and Q60 in HFBII, we attribute thisto neighbor e�ets. These residues usually appear around the key hydrophobi bindingpathes so the water densities around them are largely a�eted by the hydrophobiloal environment nearby. As a result, they were onsidered as a part of e�etive hy-drophobi pathes. A possible solution to redue these false positive preditions mayintrodue a polarizable fore �eld to better distinguish water densities around theseresidues and the e�etive hydrophobi residues in future work. Less false negatives aregenerated in our predition as indiated by the high overage, whih may be relatedto the fat that we have already redued our target area to the e�etive hydrophobibinding regions.Another omparison may involve our binding predition and predition fromservers online, whih are usually based on bioinformatis information like protein se-quene onservation, seondary strutures, solvent aessibility and so on. [1℄ Here,we aknowledge the power of these well developed servers providing information of allthe possible binding sites for the proteins without any biases in emphasizing the keyspots, whih displays a high overage and low auray in predition of the residuesinvolved in the hydrophobi assoiation as shown in Figure 3.15. In ontrast, our ap-proah possesses the advantage to pik out the onserved e�etive hydrophobi bindingsites whih is essential in mediating protein-protein assoiation driven by hydrophobie�ets. The inrease in overage is not at the expense of large sari�e of aurayas shown in Figure 3.15. Compared with other web servers, our method is su�ientlyrobust to selet the possible key hydrophobi binding sites with little interferene fromthe false positives, whih suggests that the piee of e�etive hydrophobiity informa-tion of residues around protein surfae may need to be aounted for in the futuredevelopment of more advaned binding interfae predition algorithms.3.4 SummaryWe presented a method that exploits water network perolation behavior in the�rst solvation shell of small proteins in order to predit lusters of residues potentially
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Proteins Coverage(%) Auray(%)Ubiquitin 100 72CUE domain 50 75UBA of DSK2 72 56GGA3 GAT domain 75 60UBA of Human BMSC-Ubp 100 33Ubl-domain of HHR23A 50 86Ubl-domain of HHR23B 100 36NEDD8 100 50Pinh-1 LIM4 domain 75 100Sla1 SH3-3 domain 80 80Nk-2 SH3 domain 67 67CIN85 SH3-3 domain 50 29Crk SH2 domain 100 36Abl SH3 domain 40 50HPR 40 67HFBII 100 67Table 3.4: Coverage and auray of various approahes of preditions. Based on thereferene, [1℄ the overage is de�ned as Cov = TP/RI and the aurayis de�ned as A = TP/(TP+FP). TP is the number of true predition;RI is the number of real residues involving in the hydrophobi assoiationaording to the literature; FP is the number of false positives in thepredition.
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Figure 3.15: Predition overage vs predition auray of di�erent approahes.
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involved in binding interations with other proteins. The binding interfaes we fouson rely in some part to hydrophobi harateristis of the residues involved. Thenovel idea here is that we onsider hydrophobiity of a partiular residue not solelybased on its lone properties, but rather based on an analysis that inludes the loalhemial ontext of the residue. That is, we onsider an e�etive hydrophobiity ofa residue that is ditated by the harater of neighboring residues as well as loalwater. Though simplisti in priniple and spirit, this method is able to predit withsigni�ant auray and overage the binding interation residues for a series of smallproteins. The results of our work are onsistent with previous studies that onsiderwater density �utuation based approahes for haraterizing loal hydrophobiity ofprotein surfae regions. Furthermore, a entral omponent of the algorithm presentedis a ritial perolation threshold of solvent of the �rst hydration shell of the modelproteins seleted for this work. This phenomenon onnets with reent moleularsimulations suggesting that biologial moleules and moleularly hydrophobi interfaesexist in thermodynami states on the border of dewetting transitions. These states aresensitive to perturbations (hemial, environmental) whih an modulate and/or �netune the nature of interations of these interfaes with other interfaes or moleulesin order to e�et or inhibit biologial funtion [194℄. Taken together, the ompositepiture is one suggesting the importane of aounting for loal hemial environmentwhen haraterizing the hydrophobiity of residues in onjuntion with solvent density�utuations in the viinity of hydrophobi regions giving rise to tunable propensitiesfor wetting and dewetting these ritial biohemial interfaes.Using ubiquitin as an example, we developed a protool to identify the e�etivehydrophobi interfae by �rst determining the ritial hydration level at whih perola-tion transition of the water network ours. The approah is adapted from perolationtheory, and we have isolated a protool whih determines the perolation threshold by�nding a hydration level where a unimodal distribution of the probability of largestluster transitions (biased to small luster sizes) to a bimodal distribution. This point,
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the perolation threshold, gives rise to a networked, spanning water luster whih ef-fetively seeks less hydrophobi regions of the protein surfae in order to maximizefavorable interations. The di�erenes in water density around partiular residues anthen be used to luster the residues based on a uto� value of density in order to lus-ter residues whih are putatively hydrophobi. Using this approah we have studiedthe proteins UBDs, ubiquitin-like proteins, SH3 domain. We have also ompared ourpreditions of binding path residues to those from automated servers (SPPIDER, In-terproSurf and meta-PPISP). We �nd that the urrent method is ompetitive in termsof the average auray 60% and the average overage 75% aross the series of proteinsstudied.
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Chapter 4ION-SPECIFICITY AROUND EFFECTIVE HYDROPHOBICREGIONS OF PROTEIN SURFACEReprodued with permission fromDi Cui, Shuhing Ou, Eri Peters, Sandeep Patel. �Ion-Spei� Indued Flu-tuations and Free Energetis of Aqueous Protein Hydrophobi Interfaes: TowardsConneting to Spei�-Ion Behaviors at Aqueous Liquid-Vapor Interfaes."Journal ofPhysial Chemistry B. 2014,118 (17), 4490-4504. Copyright © 2014, Amerian Chem-ial Soiety4.1 IntrodutionThe fundamental nature of interations between ions, o-solutes, and proteinsin aqueous solutions ontinues to garner attention [37, 38, 39℄ due to its importanein understanding protein denaturation, folding, protein-protein interations to name afew examples. In the ontext of protein denaturation, Hofmeister e�ets or ion-spei�e�ets, related to the modulation of surfae tension and protein solubility by additivesalts that in�uene the strength of diret and water-mediated interations in solutionhave been intensely explored with the ultimate aim of extrating basi physial in-sights into the above mentioned proesses[40, 41, 42, 43℄. At the heart of spei�-ione�ets as related to protein denaturation is the moleularly-resolved interfae betweenprotein and aqueous solution; moreover, the nature of the di�erenes in behavior ofations/anions at suh interfaes (inluding both liquid-vapor interfaes and liquid-solute interfaes) weighs heavily on the interpretation and de�nition of these proesses.Now amassed is a vast literature that disusses spei�-ion e�ets as embodied in di�er-ential stabilities of halide ions at liquid-vapor interfaes [45, 46, 47, 48, 49, 50, 51, 52℄.72



It has been widely shown that larger halide ions suh as I− and Br− tend to bind toliquid-vapor interfaes more strongly and with lower transfer free energies than smaller,more harge-dense, and more strongly-hydrated Cl− and F− anions. The mirosopiorigins and moleular mehanisms of these behaviors are onerned with several fa-tors ranging from ion size, ion polarizability and ion hydration properties to solventpolarizability.[53℄ Reent studies [55, 56, 57℄ have begun to onsider di�erential per-turbations of liquid-vapor interfae �utuations by di�erent anions. Ou et al studiedion-spei� e�ets at the aqueous liquid-vapor interfae by exploring ion-indued in-terfaial �utuations in the ase of two hemially distint anions Cl− and I−, whihrepresent the neutral and haotropi positions in the Hofmeister series, on distantliquid-vapor interfae. [56, 57℄ They observed that the more surfae stable I− anion (asobserved elsewhere [208, 51, 50, 55℄) indues larger interfaial �utuations omparedto the non-surfae ative speies Cl−, thus demonstrating a strong orrelation withindued interfaial �utuations and anion surfae stability as observed from moleu-lar simulations. The authors trae these di�erenes in indued interfaial �utuationsby Cl− and I− to the nature of the hydration environment around the anions; watermoleules in the hydration shells of I− are shown to be more dynami and less per-sistent ompared to those in proximity to Cl−. When approahing the liquid-vaporinterfae, oupling of loal solvent around anions with solvent further away and nearan interfae leads to di�erent perturbations of the interfae by the two anions, andthus di�erent ontributions to interfae height �utuations, and ultimately surfaestability via ontributions from interfaial entropy arising from surfae �utuationsorrelations[55, 57, 56℄.This ion-spei� e�et is not neessarily restrited to the liquid-vapor interfae;one might onsider how the perturbation-induing properties of the two anions mayplay out generally in the viinity of hydrophobi interfaes. Heyda et al.[59℄ examinedsystems of N-methylaetamide (NMA) in the presene of monovalent ations and anionsin water. The larger anions, I− and Br−, demonstrated preferential spatial orrelationwith the hydrophobi methyl group, whih supports earlier experiments addressing the73



importane of the nonpolar methyl groups for the halide ion-NMA interations. [209℄Horinek et al. investigated the potential of mean fore (PMF) for Na+, Cl−, Br− andI− to transfer from bulk aqueous solution to a hydrophobi self-assembled monolayer-water interfae in an in�nite dilution. [210℄ Similarly, soft polarizable monovalentanions(I− and Br−) prefer to aumulate around the hydrophobi interfae. In anotherontribution, Lund et al. probed the distribution of F− and I− around a spherialmaromoleule. [60℄ They found that when the nanosphere is unharged and onsideredas a hydrophobi partile, F− ions are repelled while I− ions are weakly attrated toit. In a reent moleular simulation study, Friedman et al [211℄ analyzed extensivemoleular dynamis simulations of three proteins in aqueous salt solutions. The authorsonluded that binding of ations and anions to protein surfaes is heterogeneous,with the same amino residue demonstrating a wide range of binding probability to apartiular ion. This heterogeneity stems from the heterogeneous environments foundon protein surfaes. As pointed out by Giovambattista et al[26℄ and others [27, 159℄,the loal environment of any given amino aid residue is largely perturbed and de�nedby its neighboring residues. Jungwirth and oworkers have further provided volumesof data on the nature of di�erential, or ion-spei�, binding of ations and anions toprotein surfaes. [61, 62, 63℄ Spei�ally, using lysozyme as an example, they indiatethat in the mixed aqueous solution of KCl and KI, I− is preferential to be in loseviinity of the hydrophobi groups. [212, 213℄ Furthermore, this spei�-ion e�et mayplay a ruial role in modulating protein-protein interation in solution. [66℄Sine there is implied a onnetion of the behaviors of ions at aqueous liquid-vapor interfaes to those of possibly biohemial relevane (protein-water, bilayer-water, et)[58℄, we seek to begin to address onnetions with partiular fous on hy-drophobi regions of proteins (to use a model system that is a natural extension ofthe ideally hydrophobi aqueous liquid-vapor interfae). We propose to onsider howanions, in partiular Cl− and I−, indue �utuations at the interfae around hydropho-bi path of a rigid protein in aqueous environment. We also seek to make onnetionof observed indued interfaial �utuations to the free energetis (probabilities) of the74



two types of anions near the hydrophobi protein region. We antiipate that similarqualitative trends and behaviors should arise in the biomoleular ontext as observedfor aqueous liquid-vapor interfaes. We note that unlike the liquid-vapor interfae,the protein-water interfaes are more ompliated beause of their inherent hemialand topographial heterogeneity. The heterogeneities aount for di�erent e�etivehydrophobiity around protein surfaes, in�uening the behavior of hydration watersigni�antly. [26℄ With moleular dynamis simulations, Godawat et al [36℄ found thatwater density near the surfaes of self-assembled monolayers (SAMs) with hydrophobihead groups (-CF3, -CH3) shows a poor distintion from that of SAMs with hydrophilihead groups (-OH , -CONH2). However, di�erenes arise when onsidering the �u-tuations of water density near the two regions. Enhaned �utuations, re�eted bythe broad probability distributions of water number density are observed around hy-drophobi surfaes ompared with the bulk solution and hydrophili surfaes. [28, 34℄Moreover, the enhaned density �utuations around hydrophobi surfaes ould furtherbe haraterized by more ompressible hydration shells and inreased avity formation,[167, 168℄ indiating that the nature of hydration shells around hydrophobi surfaesare softer and more �ikering than that of hydrophili ones. Sine the long-rangedion-indued perturbations of aqueous protein interfaes involve the oupling of loalhydration shells of the ions with distant hydration shells around protein surfaes, thenature of both would a�et the extent of indued interfaial �utuations. It would beinteresting to ompare the interfae height �utuations as Cl−/I− approahing the hy-drophobi/hydrophili protein regions. We note that the interfae height �utuationswe are pursuing here are oneptually di�erent from the density �utuations, while bothof them re�et the nature of hydration water around protein surfaes. Additionally, ithas been reported that the ion-spei� e�ets are dissimilar around hydrophobi andhydrophili surfaes, with large I− showing a stronger a�nity than the smaller halideions to the hydrophobi surfaes while the reverse trends of size-dependene of halideions are realized at the hydrophili surfaes. [64, 65, 66, 60℄ We would like to fur-ther onnet this a�nity (probabilities) di�erenes of Cl−/I− around protein pathes75



with di�erent hydrophobiity to their indued aqueous protein interfaial �utuationsorrespondingly.The partiular protein we fous on in this study is hydrophobin-II (HFBII),whih is a small protein with 71 amino aid residues expressed by �lamentous fungi.The protein is known for its ability to form a hydrophobi oating on the surfaeof an objet and it an self-assemble into a monolayer on hydrophobi/hydrophiliinterfaes suh as a water/air interfae. [183℄ These funtions are mainly determined bythe amphiphili strutural haraterization. Aharya et al. [27℄ mapped the e�etivehydrophobi regions and e�etive hydrophili regions of HFBII by onsidering thedensity of small probe hydrophobi solutes around eah region of the protein. Moreover,they seleted three regions with di�erent hydrophobiity based on this and furthermonitor the density �utuations in their viinity. The alulations showed that aroundmost hydrophobi region, they observe the largest density �utuations whereas the leastdensity �utuations were deteted around most hydrophili region. Considering of this,this protein is an ideal andidate to ompare the haraters between hydrophobi andhydrophili interfaes.The hapter is organized as follows. In Setion 4.2 we disuss the simulationprotools and omputational details of liquid-vapor interfae and aqueous protein in-terfaes. Our results are presented in Setion 4.3 and are organized into four topis.We start the disussion by investigating the PMFs and interfaial �utuations as singleCl−/I− transloate aross the aqueous liquid-vapor interfae. We onsider Cl−/I− den-sity distributions around aqueous HFBII hydrophobi interfae in 1.0 molal solutionsin the seond part. We further investigate the PMFs and interfaial �utuations assingle Cl−/I− approah the aqueous protein hydrophobi interfae, demonstrating thesimilarity between liquid-vapor interfae and hydrophobi protein interfae in terms ofion spei� indued perturbations of the interfae. We �nish this setion by examiningsingle Cl−/I− approahing another two regions with di�erent hydrophobiity on theprotein surfae ompared with the hydrophobi region we initially studied. We �nishwith our onlusions and general disussion in Setion 4.4.76



4.2 Method4.2.1 Simulation DetailsMoleular dynamis simulations performed in this study inlude: 1. umbrellasampling moleular dynamis simulations of transloation of a single Cl−/I− arossthe aqueous liquid-vapor interfae; 2. moleular dynamis simulations of a single, fullyrigid hydrophobin HFBII protein in 1.0 molal onentration of KCl/KI aqueous solu-tions; and 3. potential of mean fore alulations using moleular dynamis simulationtrajetories of single Cl−/I− approahing three di�erent regions of the protein thatare de�ned as hydrophobi, less hydrophobi and hydrophili. Detailed simulationprotools are now disussed as follows.4.2.1.1 Umbrella Sampling Potential of Mean Fore Calulations: IonTransloation Aross Aqueous Liquid-vapor InterfaeMoleular dynamis simulations were performed using the CHARMM pakage.[214,186℄ Simulations of liquid-vapor interfaes were performed in the NV T ensemble. Tem-perature was maintained at T = 300 K using Nosé-Hoover thermostat.[215℄ The sim-ulation ell was retangular with dimensions 24 Å × 24 Å × 100 Å, in whih z isthe diretion normal to the liquid-vapor interfae. A bulk slab onsisting of 988 watermoleules (represented by the nonpolarizable TIP3P model[190℄) and a single anion(Cl−, I−) was positioned in the enter of the simulation ell, resulting in two liquid-vapor interfaes. We note that Lennard-Jones parameters for ions that are suitablewith TIP3P were taken from Cheatham et al[216℄. The parameters are listed in Table4.1. To verify if these parameters are suitable to TIP3P water model in CHARMMfore �eld, we did some tests to ompare the single water-ion binding distanes andthe single water-ion binding energies of the ions for the two ases. In these tests, onesingle ion and one water moleule were plaed in a large enough simulation box and thenon-bonded uto� distanes were also set as large as possible. Sine our prodution sim-ulations were performed with NAMD simulation pakage using CHARMM fore �eld,ideally, we would like to also perform the test in the same way. Unfortunately, beause
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the default minimization algorithm in NAMD has a on�it with SHAKE algorithmwhih is used to onstrain bond lengths involving hydrogen atoms, it is impossible toaurately minimize the strutures with �xed water bond distanes. Therefore, theenergy minimization was performed with CHARMM pakage using CHARMM fore�eld. With a stable struture, the binding energies an be realulated using NAMD.The test results are shown in Table 4.1. For the ations (K+, Na+, Cs+), test resultsmath well with the original; while for the anions (Cl−, I−), we observe very smalldeviations for both single water-ion binding distanes and single water-ion binding en-ergies. We note that this is due to the fat that the TIP3P water model implemented inthe CHARMM fore �eld is slightly di�erent from that of AMBER. In the CHARMMversion of TIP3P, Lennard-Jones parameters on hydrogen is nonzero, whereas in theoriginal version, Lennard-Jones interation ontributions from water hydrogen atomsnot inluded. We verify this with a further test where we applied non-bonded �xed(NBFIX) strategy in CHARMM to ensure that there are no Lennard-Jones interationsinvolving hydrogen atoms from water; we obtained an exat mathing result of bindingdistanes and binding energies ompared with original report. Despite this minor issue,we still transfer the ion parameters in TIP3P AMBER to the CHARMM fore �eldin this study. We onsider this as a valid ombination beause this empirial modelould reprodue the most important harateristis that we would like to address be-tween the two distint anions: for Cl−, it is small, fully hydrated with rigid hydrationshell; while for I−, it is large, soft, partial hydrated with malleable hydration shell.These haraters an be proved by the ion-water RDF in Figure 4.1. We note thaturrently no ion parameters ould be onsidered as absolutely orret in onjuntionwith proteins during the simulation, beause essentially no ion are parameterized basedon the interations with proteins. Therefore, in disussion about ions' e�ets relatedto the proteins, as long as the model ould reprodue urrently aepted experimentobservables, it ould be onsidered as validation.A rigid water geometry is enfored using SHAKE[192℄ onstraints. Conditionallyonvergent long-range eletrostati interations were treated using Partile Mesh Ewald78



Non-Bonded Parameters σ (Å) ε (kal/mol)Cl− 5.026 -0.0355910I− 5.720 -0.0536816K+ 3.410 -0.1936829Single Water-Ion Binding Distanes Cheatham (Å) this researh (Å)K+ 2.66 2.66Na+ 2.29 2.29Cs+ 3.00 2.98Cl− 3.09 3.13I− 3.48 3.50Single Water-Ion Binding Energies Cheatham (kal/mol) this researh (kal/mol)K+ -18.51 -18.52Na+ -24.29 -24.30Cs+ -15.08 -15.10Cl− -14.26 -14.15I− -11.34 -11.37Table 4.1: LJ parameters for ions applied in this work and veri�ation. Note: for thease of single water-anion binding ase, there are two geometries for thebinding struture, one is CS, another is C2v; the binding distanes andbinding energies for Cl− and I− shown here are from CS geometry.

79



0 5 10 15 20 25
r (Å)

0

1

2

3

4

g(
r)

I
-

Cl
-

Figure 4.1: Ion-water radial distribution funtion (RDF) for anions in TIP3P.
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(PME)[191℄ approah with a 30 x 30 x 128 point grid, 6th order interpolation, and
κ = 0.33. Dynamis were propagated using a Verlet leap-frog integrator with a 1.0 fstimestep. Computational experiments measuring the reversible work for transferringsingle ions/moleules from bulk aqueous environment to the aqueous solution liquid-vapor interfae have enjoyed a long history as a means to explore the origins of surfaestability.[45, 217℄ In order to determine the PMF, a reation oordinate de�ning thispseudo-hemial reation must be de�ned. Our reation oordinate for PMF is theCartesian z-omponent of the separation between the water slab enter of mass and ionposition. Along the z axis, to enhane sampling of the distribution of on�gurationswhere the reation oordinate holds a partiular value, the reation oordinate wasrestrained within a ertain narrow range (instead of its entire span). In this ase, weonstruted 26 ontinuous �windows� with width 1.0 Å. In eah window, single anionwas restrained to z-positions from 10 Å to 35 Å relative to the water slab enter ofmass using a harmoni potential Urestraint(z; zrelative,ref) = 1

2
krestraint(z − zrelative,ref)

2 withthe fore onstant of 4 (kal/mol)/Å2; this enompassed a range approximately 15 Åbelow the GDS to approximately 10 Å above it at 300 K. Though one ould probeseparations further into the bulk (towards the enter of the system) this distane issu�ient to probe the di�erenes of interest in this study. Total sampling time for eahwindow was 30 ns; properties were alulated from all but the initial 1.0 ns, whih wastreated as equilibration.4.2.1.2 Protein in KCl/KI Aqueous SolutionSimulations of a single hydrophobin in 1.0 molal onentration of KCl/KI aque-ous solution were performed with NAMD, version 2.9b3,[184, 185℄ using the CHARMM22 all-atom fore �eld with CMAP bakbone torsion orretion term.[187℄ Idential pa-rameters for water (TIP3P) and ions (Cl−, I− and K+) were applied as the ones fromliquid-vapor interfae simulation. Isothermal - isobari ensemble (NPT) simulationswere performed using a ubi ell with a box size 60 Å × 60 Å × 60 Å. NPT ensemblewas used to eliminate the liquid-vapor interfaes, so only the protein-water interfaes
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were onsidered in the system. The initial struture of the protein was onstrutedusing CHARMM-GUI. [189℄ The protein struture was based on the ultra-high reso-lution struture at 0.75 Å of hydrophobin HFBII, with PDB ode 2B97. [218℄ Theoriginal rystal struture was atually the dimerization omplex of the protein. Onlyone monomer, omposed of 70 residues, was modeled in this study. The protein wasplaed in the enter of the box, with enter of mass loated at (x = 0 Å,y = 0 Å,z = 0Å), the rest of the box was �lled with 6481 water moleules, 116 K+ and 116 Cl−/I−,resulting in a molal onentration of 1.0 m. Temperature was maintained by Langevinbath at 300K, and the pressure was kept onstant by Langevin pressure ontrol at 1atm. A swithing distane of 10 Å, non-bonded real-spae uto� of 12 Å and pairlistgeneration distane of 14 Å were used for the van der Waals interations, and thepartile mesh Ewald (PME) method was employed for the alulation of onditionally-onvergent eletrostati interations. The grid size of PME in x dimension is 60, in ydimension is 60, and in z dimension is 60 (as lose to a 1Å grid point separation as pos-sible). The SHAKE algorithm was used to onstrain bond lengths involving hydrogenatoms and an integration time step of 1.0 fs was used. The protein was �xed duringthe simulation with other omponents ould move randomly. We provide the NAMDinput �le for our simulations in Table 4.2. A total of six di�erent repliates were usedand the �rst 2.0 ns of eah repliate was onsidered as equilibration. At least 10 ns ofprodution run for eah repliate was used to ompute properties.4.2.1.3 Aqueous Protein InterfaesIn order to illustrate the moleular detail and free energetis of Cl−/I− approah-ing the aqueous protein interfaes with di�erent hydrophobiity, we further simulatedsystems with 6481 TIP3P water moleules and a single Cl−/I−, transferring from bulkto the protein interfaes. A representative snapshot of the simulation system an befound in Figure 4.2A. HFBII protein was arranged in a way that its largest hydrophobipath, onsisting of V18, L19, L21, I22, V24, V54, A61, L62 and L63 (shown in Figure4.2B), was nearly perpendiular to the z diretion (further quantitative information is
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exlude saled1-4 langevinPistonPeriod 501-4saling 1 langevinPistonDeay 25COMmotion no langevinPistonTemp 300zeroMomentum no useFlexibleCell nodieletri 1.0 useGroupPressure yesswithing on ellBasisVetor1 60.00 0.00 0.00swithdist 10 ellBasisVetor2 0.00 60.00 0.00uto� 12 ellBasisVetor3 0.00 0.00 60.00pairlistdist 14 ellOrigin 0.00 0.00 0.00timestep 1.0 wrapAll onstepsperyle 20 PME yesnonbondedFreq 1 PMEGridSizeX 60fullEletFrequeny 2 PMEGridSizeY 60rigidBonds all PMEGridSizeZ 60langevin on onstraints onlangevinDamping 5 seletConstraints onlangevinTemp 300 seletonstrX onlangevinHydrogen o� seletonstrY onlangevinPiston on olvars onlangevinPistonTarget 1.01325Table 4.2: NAMD input parameters for the simulations.
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in Table 4.3) and the whole protein was �xed during the simulation with enter of massloated at (x = 0 Å ,y = 0 Å ,z = 0 Å). A single Cl−/I− was added in the solution withone ounter ion, K+, to neutralize the negative harge of the monovalent anion. TheK+ was �xed at position (x = 0 Å ,y = 0 Å ,z = -15 Å). Similar to the liquid-vaporinterfae situation, for alulation of PMF, we onsider the Cartesian z omponentof the separation between the enter of mass of protein and enter of mass of thesingle Cl−/I− as the reation oordinate for the present umbrella sampling moleulardynamis simulations. Single Cl−/I− was aligned along the z diretion, approahingthe spei� spot on the path with position x = 0 Å and y = 0 Å by freezing theorthogonal degrees of freedom along x axis and y axis via the use of strong restrain-ing potentials. We enter on one spei� region of the path, aknowledging that theheterogeneity of the protein surfae neessitates some are in interpreting the results,whih we will address further below. For a meaningful disussion and interpretation ofion-indued �utuation (interfae �utuation in addition to the level present in purewater) as the ion approahes the hydrophobi interfae, one referene loation with�xed position has to be de�ned. Using NAMD's �seletConstraints� infrastruture, xomponent of the ion was restrained at x = 0 Å and y omponent was restrained at y= 0 Å with a fore onstant of 1000 (kal/mol)/Å2 respetively. Along the z axis, weonstruted 46 ontinuous umbrella sampling �windows� with width 0.2 Å along thepositive z-diretion ranging from area around protein-solvent interfae to bulk waterregion. The spans of the windows going from interfaial region to bulk region (in Å)were: [16.0:16.2℄, [16.2:16.4℄, [16.4:16.6℄ ...... [24.4:24.6℄, [24.6:24.8℄, [24.8:25.0℄. Thisrange of ion position (from 16 Å to 25 Å) is su�ient to probe the di�erenes of singleion around interfae and that in bulk water region, while minimizing the number ofwindows that is required to onstrut. In eah window, a harmoni restraint potentialwith fore onstant of 10 (kal/mol)/Å2 was applied on Cartesian z omponent of theion. Other simulation onditions remain the same as that of the 1 m onentration ofKCl/KI aqueous solution. The �rst 2ns was allowed for equilibration before a total of20ns prodution data was generated for eah window.84



Figure 4.2: (A) Representative snapshots of the system used in the study (B) rep-resentation of the hydrophobi interfae de�ned in this study. Inludingresidues L7, V18, L19, L21, I22, V24, V54, A61, L62, L63. Dash orangeline roughly selet the region of interest (C) representation of the lesshydrophobi interfae de�ned in this study. Inluding residues I31, A32,D34, I38, A41, H42, S45. (D) representation of the hydrophili interfaede�ned in this study. Inluding residues D25, C26, K27, T28, A58, D59,Q60. 85



Residue Name Atom Type Angle(◦)L21 N 113L21 CA 110L21 CB 91L21 CG 86L21 CD1 72L21 CD2 87L22 CD 75L63 CD1 76L63 CD2 90Table 4.3: Angle between positive z vetor and the line onneting entral positionof the path (0,0,12) with eah of the heavy atom position on the path.For omparison, we performed another set of simulations to ompute the PMFof the anion approahing the hydrophobi path using average fore integration; inthese simulations, both anion and protein are held �xed so as to realize a series ofenter of mass separation distanes; the potential of mean fore is obtained by inte-gration of the average fore along the reation oordinate obtained from simulationtrajetory analysis. Furthermore, to attempt to onsider e�ets of protein motion onion-indued interfae �utuations, we performed simulations with protein under re-straint onditions instead of totally �xed. HFBII was plaed in the enter of box withexatly the same starting struture as in the �xed(rigid) protein ase. During thesimulation, the protein was strongly restrained to remain in a single orientation andits enter of mass at a spei� position, hosen as (x = 0 Å ,y = 0 Å ,z = 0 Å) viathe use of strong restraining potentials. Using NAMD's olletive variable infrastru-ture, HFBII's enter of mass was restrained at (x = 0 Å ,y = 0 Å ,z = 0 Å) usinga fore onstant of 5000 (kal/mol)/Å2, and its orientation was restrained about therystal based orientation using a harmoni restraint potential with fore onstant of5000 (kal/mol)/Å2. Single Cl−/I− was �xed along positive z axis, starting from z =16 Å to z = 25 Å, a total of ten ontinuous windows with width 1.0 Å. We note thatPMF alulations will not be onerned in the restrained protein ase sine it requiresextensive simulation time for a well-onverged PMF with �exible protein. Instead, we86



are only interested in the omparison of ion-indued interfaial �utuations of total�xed protein and restrained moving protein as Cl−/I− loates at partiular separationsalong the reation oordinate. Besides the simulations of single Cl−/I− approahingto the most hydrophobi region of the protein, we onsidered two other senarios inwhih single anions approah protein regions with di�erent hydrophobiity. Dependingon the nature of residues that are exposed, we de�ned one path as less hydrophobiinterfae and the other as a hydrophili interfae in order to distinguish them from thehydrophobi interfae we previously desribed. For these additional two ases, the sim-ulation onditions remained idential to those in the hydrophobi path alulations,exept that the protein was oriented in a di�erent way in the simulation ell. For thesimulations in whih the anions approah the less hydrophobi region, the interfae isomposed of residues I31, A32, D34, I38, A41, H42 and S45, arranged perpendiular tothe z diretion (shown in Figure 4.2C). Forty-nine (49) ontinuous windows with width0.2 Å along the positive z-diretion, starting with [15.4:15.6℄, [15.6:15.8℄, [15.8:16.0℄...... to [24.4:24.6℄, [24.6:24.8℄, [24.8:25.0℄ are onstruted. For the hydrophili interfaease, the interfae we entered on onsists of residues D25, C26, K27, T28, A58, D59,Q60 (shown in Figure 4.2D). Similarly, this interfae was oriented in a way that is per-pendiular to the z diretion. The window setup ranged from [14.0:14.2℄, [14.2:14.4℄,[14.4:14.6℄ ...... to [24.4:24.6℄, [24.6:24.8℄, [24.8:25.0℄, a total of 56 windows.Finally, we address the protool for simulations where the PMF is omputed byan average fore integration method. The PMF of single Cl−/I− approahing proteininterfae an be alulated by integration of the average fores ating on the anion asshown in Equation 4.1.
W (ξ0) = −

∫

< F (ξ0) > dξ0 (4.1)where ξ0 is the reation oordinate taken as the separation distane between the Cl−/I−and the enter of mass of the protein; < F (ξ0) > denotes the average fores ating onthe anion at eah separation along the reation oordinate. Unertainties in PMF are
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determined as: [219℄
var[G(ξN)] ≈

N
∑

i=1

var[K∆ξz̄i] (4.2)where var[G(ξN)] is the variane, z̄i is the mean position of z in the ith window, whihan be obtained from blok averages.[220℄ The standard deviation σ[G(ξN)] is then thesquare root of var[G(ξN)].4.3 Result and Disussion4.3.1 Liquid-Vapor InterfaeWe start to look at the free energetis of single Cl−/I− aross the liquid-vaporinterfae. Results of PMF for Cl− and I− are shown in Figure 4.3A. For larity, weadded a vertial o�set of 0.1 kal/mol for the Cl− ase. To better ompare the interfaestability between the two ions, in the large graph of Panel A, we emphasized the PMFsaround the interfaial region while the whole PMFs along the reation oordinate an befound in the small inset.The PMF is de�ned to be zero in the bulk (whih is determinedby window z = 10 Å). I− has a slight PMF minimum (≈ 0.05 kal/mol) prior tothe GDS (Gibbs dividing surfae is around z = ±25.5 Å in this ase). Due to theunertainty reported, whether I− shows surfae stability is ambiguous. However, wenotie that there is a barrier (around z = 19 Å) prior to the PMF minimum, whihis also observed in other studies;[45, 56℄ as a result, although being less expliit thanthe interfaial stability reported in experiments and other fore �elds,[208, 51, 50, 55,57, 56℄ qualitatively we onsider that I− exhibits a surfae-stable state in the urrentsimulations. In ontrast, Cl− is repelled from the L-V interfae in the urrent andother fore �elds.[56℄ In the Drude polarizable fore �eld, Cl− shows similar behavioras I−, having a marginal stabilizing/negative free energy minimum state followed by abarrier (from bulk to vapor phase). Unlike the nonpolarizable fore �elds, the Drudefore �elds enounter the issues of overpolarization,[221℄ whih leads to di�erenesin desribing the presene of Cl− at the interfae using Drude and non-polarizableand other polarizable fore �elds[222℄. Consequently, we do not onsider Cl− to be
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interfae stable, and I− as having liquid-vapor interfae stability with the urrent fore�eld, onsistent with previous studies. In this work, we stress that we are not fousingon the exat values of free energetis of single Cl−/I− adsorption at the liquid-vaporinterfae, but rather we want to emphasize the interfaial stability di�erene betweenCl− and I− and related physial and strutural properties. More importantly, we wouldlike to onnet these ion-spei� behaviors at aqueous liquid-vapor interfaes to those ofmore general aqueous protein hydrophobi interfaes. The nonpolarizable water modeland nonpolarizable protein parameters ombination would larify these issues with thebene�t of saving omputational resoures ompared with the polarizable fore �eld. Inlight of this, we argue that the urrent fore �eld we are applying is su�iently robustand appropriate.Our previous studies have demonstrated a onnetion between interfaial sta-bility of Cl−/I− around liquid-vapor interfae and the magnitude of their indued�utuations of the interfae in SPC/E, TIP4P-FQ, SWM4-NDP and TIP4P-QDP wa-ter models. [56, 57℄ It is found that the speies demonstrating an interfaial stabilityappear to enhane liquid-vapor interfaial �utuations signi�antly, while those thatshow no interfaial stability indue no further �utuation (or may even suppress levelsof �utuations). Here we explore the di�erenes in interfaial �utuations for the twoanions disussed in the urrent simulations. The �utuations were omputed with theprotool as we state in Chapter Two. From our previous work, [56℄ the geometry of the�utuation surfae 〈δh2(x, y)〉 is radially symmetri, with the largest value at the en-ter x = 0, y = 0 (right towards the ion). For onveniene, we use 〈δh2(x = 0, y = 0)〉 toompare the magnitude of interfae �utuations when Cl−/I− are restrained at di�erentz-positions, with the result shown in Figure 4.3B. The �utuation pro�le is normalizedby the �utuation value in pure water (i.e., the system in the absene of the ion, whihhas a value of 0.77 Å2). Normalization in this manner somewhat aounts for negletinge�ets of larger wavelength undulations of the interfae and a�ords a way to omparesystems of di�erent lateral dimensions if so needed. In this onvention of normalizedsurfae �utuation (〈δh2
L〉) we extrat the ion-indued ontribution from eah speies89



Figure 4.3: (A) PMF of single Cl−/I− approahing the liquid-vapor interfae inTIP3P water (B) Normalized liquid-vapor interfae �utuation at (x =0, y = 0) as a funtion of anion restrained position for Cl− and I−.
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at di�erent z-position. When 〈δh2
L〉 equals 1, the e�et of ion is zero; when 〈δh2

L〉 > 1,the surfae height �utuation is enhaned relative to pure water with the preseneof ion; when 〈δh2
L〉 < 1, the surfae height �utuation is suppressed. No obvious en-hanement of surfae �utuations is assoiated with Cl−; on the other hand, I− indueslarger �utuation, with the maximum normalized �utuation value around 1.5 at theloation of z = 21 Å, whih is before the position of the free energy minimum. Alsopresented in the inset is the time pro�le of 〈δh2

L(x = 0, y = 0)〉 for I− at the window
z = 21 Å (whih possesses the largest surfae �utuation) to show the onvergene ofthe �utuation. Previously, by studying a wide variety of fore �elds (polarizable andnonpolarizable), our results [56℄ suggest a threshold value of the maximum normalizedinterfaial �utuations about 1.5 dividing those ions that are interfaially stable andthose that are not. The largest normalized �utuation and ∆G for I− are 1.55 (unit-less) and -0.03 kal/mol, just barely plaing it on the ritial/transitional position inFigure 4 of Referene. [56℄ For Cl−, we found the maximum �utuation is 1.1 and theorresponding ∆G = 0.52 kal/mol, whih falls in the quadrant for non-surfae stablespeies. It indiates that in terms of the surfae stability, the urrent fore �elds foranioni behavior is onsistent with other fore �elds. The di�erential behavior of thetwo ions at the pure aqueous liquid-vapor interfae, onsistent with previous studies,thus provides the ontrol needed to interpret the simulations in a protein ontext.We note that the di�erenes in indued interfaial �utuations by Cl− and I−may attribute to these two types of ions presenting distint hydration shell environ-ments. The �rst solvation shell of Cl− is more rigid and less malleable than that of I−.The nature of the solvent struture around I− determines that it is more amenable toinduing �utuations of the interfae as a onsequene of a greater disruption of thesolvent struture on approah to the interfae. This solvation shell property di�erenebetween Cl− and I− in polarizable water has been disussed previously [223℄. To or-roborate that these harateristis are similar when using the urrent nonpolarizablefore �eld, we show the radial distribution funtions (RDFs) based on water oxygen- single Cl− and water oxygen - single I− in Figure 4.1. Cl− shows a predominant91



�rst solvation peak, and an osillatory probability funtion, signifying a substantiallystrutured hydration environment; in ontrast, the I− RDF exhibits a modest peak,and markedly less osillations, whih is onsistent with the results previously we haveobtained for RDFs in di�erent water models (SPC/E, TIP4P-FQ, SWM4-NDP andTIP4P-QDP). Overall, with the urrent fore �eld, we observed ion-spei� interfaialbehaviors between Cl− and I− and also their distint ability to indue long-rangedperturbations of the aqueous liquid-vapor interfae as we have previously disoveredin other water models. A further step in this work is that we attempt to extend thisinvestigation from the ideally hydrophobi aqueous liquid-vapor interfae to a moresomewhat more realisti, and ertainly more omplex, aqueous protein hydrophobiinterfae.4.3.2 Ion Distributions Around Protein in 1 Molal Aqueous EnvironmentHere we onsider the protein in 1.0 m KCl/KI aqueous solutions, seeking ageneral overview of the relative stability of Cl− and I− around the hydrophobi interfaeof the protein; super�ially, we ompare the relative probability of �nding an anion ofeah type in the viinity of the protein interfae. Figure 4.4 shows spatial distribution ofnumber density of Cl−/I− around the hydrophobi interfae of HFBII in 1.0 m KCl/KIaqueous solution. The omposition of the hydrophobi path has been disussed in theMethod Setion and roughly the position of the path is within the range of ( -10 Å <x < 10 Å, -10 Å < y < 10 Å, 6 Å < z < 13 Å), so we onsider anion density distributiononly around this region. The x-axis represents the lateral distane r =
√

x2 + y2 (thesign of r depends on that of x omponent and y omponent; if they are the same, r >0; if they are di�erent, r < 0), and the y-axis is the z distane from the enter of massof protein loated at (0,0,0). Comparison of Panels A (Cl− density distribution) and B(I− density distribution) indiates that I− has a higher propensity for the hydrophobiprotein interfae. For a more quantitative omparison, in Figure 4.5 we show thenumber of bins (i.e.,e�etive volume) with Cl−/I− densities above ertain thresholdvalues around the hydrophobi path. The bins were onstruted in three dimensional
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spae with size 1 Å x 1 Å x 1 Å, and the ion densities in eah bin were omputed asnormalized values by dividing the numbers of Cl−/I− in the bin in the presene of theprotein with the number in the absene of protein. Therefore, a normalized densityvalue that is larger than one implies the existene of protein enhanes the anion densityin the partiular site of interest. We onsider senarios with normalized anion densitiesgreater than 3, 4, 5, 6, 7 and 8 for Cl− and I−, shown in di�erent panels in the�gure. We �nd that, onsistently, at di�erent radii lose to the hydrophobi pathand above various thresholds, there is greater enhanement of I−. Our observationagrees with those of Lung et al. [212℄ in their simulation study on lysozyme in amixed aqueous solution of KCl and KI. They observed a spei� ion e�et around theprotein showing that Cl− has virtually no preferene for nonpolar regions, but positivelyharged residues, whereas I− aumulates in the viinity of hydrophobi groups. Theyexplain the behavior of Cl− as a diret ion pairing interation, involving small, fullyhydrated Cl− with ationi groups, and I−'s behavior as solvent-assisted attration oflarge, soft, and partially-hydrated I− to nonpolar protein surfae path. This view ofthe di�erenes in ion behavior suggests an underlying ligand-substitution theme as well.Chloride must substitute a rigid, strongly held solvation shell with another ligand (thisterminology is intentionally used broadly and non-spei�ally in this situation); thisligand is a polar or harged entity. The iodide, due to its low harge-density arisingfrom the lassial representation of this entity, an aommodate loss of its ratherloose, less well-de�ned solvation shell. For a further atomi level understanding of thissolvent-assisted mehanism and a quantitative omparison of the stability of Cl− andI− around partiular region of HFBII, in the next subsetion, we onsider the potentialof mean fore to as a single Cl−/I− approahes, from the bulk, a spei� point on thehydrophobi interfae of HFBII.4.3.3 Potential of Mean ForeThe umbrella sampling moleular dynamis PMF for both anions approahingthe hydrophobi interfae are shown in Figure 4.6A; large values of the x-axis represent
93



Figure 4.4: Number density distribution of Cl−/I− around the hydrophobi interfaeof HFBII in 1.0 m KCl/KI aqueous solution. (A) Cl− density distribution(B) I− density distribution. X axis represents the lateral distane r =
√

x2 + y2. We de�ne r > 0 means the signs of x omponent and yomponent are the same; while r < 0 means the signs of x omponentand y omponent are di�erent.
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large separation of anion and protein enter of mass, and the PMF's are zeroed at largeseparation. To assess the onvergene of the potential of mean fore, we show the timeevolution of the minimum of the PMF in Figure 4.7. Also, the PMF from this restrainedanion protool is shown to be onsistent with the �xed anion approah (average foreintegration), a omparison of whih is shown in Figure 4.8. For Cl−, there is a smallbarrier around z = 19.5 Å, followed by a shallow minimum around z = 18.5 Å; a similartrend is seen for I−, with a small barrier around z = 20.5 Å and a minimum afterward.For Cl−, the PMF minimum is -0.06±0.05 kal/mol; for I−, it is -0.08±0.04 kal/mol.In light of the unertainty estimates, both Cl− and I− exhibit little stabilization at thehydrophobi protein interfae. However, as the single Cl−/I− draws near the interfae,signi�ant di�erenes arise. The Cl− PMF starts to inrease monotonially; the I−PMF shows a slightly more omplex trend. Unlike the situation of Cl−, the PMFpro�le of I− shows a seond minimum, whih is a little higher (0.20±0.04 kal/mol)than the �rst one. At this seond minimum position, the free energeti di�erenebetween Cl− and I− is about 0.78±0.09 kal/mol, even with the onsideration of theunertainty. This implies that lose to the hydrophobi protein interfae, I− tendsto be more interfae stable than Cl−, although ompared with bulk, neither of themdisplays the stabilization e�et around the interfae within the ontext of the spei�fore �eld we have hosen to use in this study. We note that the dramati inrease ofPMF for both Cl− and I− starting around z = 18.5 Å may be related to the hangeof number of oordinate water in the �rst hydration shell around the ion, as it hasbeen shown in Figure 4.6B. When the ions are lose enough to the interfae, there willbe the derease of hydration water. Consequently, the favorable interation betweensingle anion and water will be lost, entailing the inrease of free energy. Sine the twoanions display distint free energy pro�les nearing the interfae, we next onsider theindued �utuations assoiated with the approah of these ions in the spirit of earlierstudies. [55, 56, 57℄The aqueous protein interfae was onstruted based on the protool mentionedin Chapter Two. Figure 4.9 displays the mean protein-solvent interfae along with96
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the interfae �utuation. From the olor sale, one an judge the magnitude of the�utuation at eah position around the whole protein. Panel A and B represent thesituation that single Cl−/I− resides at z = 24 Å, in whih ase anions are far away fromthe protein interfae and there will be no indued interfae �utuation. These are theinherent �utuations of the interfae, whih are ompletely determined by the stru-tural harater of the protein itself. The Figure shows that one region manifests largerinherent �utuation in Panel A and B. This region is in fat part of the largest hy-drophobi path of the protein. We will ompare and disuss more about the inherentinterfae �utuation among di�erent regions of the protein, inluding hydrophobi, lesshydrophobi and hydrophili pathes in the next subsetion. As single Cl−/I− approahthe hydrophobi interfae, ion-indued perturbations of the aqueous interfae aroundprotein surfae are more pronouned as re�eted in Figure 4.9C and Figure 4.9D. Thesetwo �gures depit the protein interfae �utuation when single Cl−/I− resides at z =18 Å. Right above the position (x = 0 Å, y = 0 Å) where single anion approahes theinterfae, we notie that �utuations indued by I− are muh larger than those induedby Cl−. As single anions move loser to the interfae (z = 16 Å), this large di�erene of�utuation between Cl− and I− lessens as shown in Figure 4.9E and Figure 4.9F. Dueto the heterogeneous features of the protein surfae, the extent of indued �utuationis not perfetly symmetri about (x = 0 Å, y = 0 Å). However, judging from Figure4.10, we ould �nd that (x = 0 Å, y = 0 Å) is a feature point displaying largest indued�utuations ompared with other regions on protein surfae as anions reside at variousseparations. To better illustrate the hange in interfae �utuation magnitude as singleanions move toward the point (x = 0 Å, y = 0 Å), we plot 〈δh2(x = 0, y = 0)〉 along thereation oordinate in Figure 4.12A. We stress our intent to disuss the behavior of in-terfaial �utuations as the anions move toward the path; we are not interested solelyin the nature of �utuations when the anions reside at the interfae. From the total20ns prodution data, we obtained the �utuations at this point by using every onenanoseond of data; the values shown here are the average of eah one-nanoseond data
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blok and orrespondingly, unertainties were obtained based on the standard devia-tions. In the bulk region (z ranges from 24 to 25 Å), 〈δh2(x = 0, y = 0)〉 is around 0.2 2for both Cl− and I−, whih orresponds to the protein interfae inherent �utuation inthe pure water due to the thermal �utuations. For purpose of demonstrating and om-paring the �utuations indued from single Cl−/I−, we de�ned 〈

δhL
2(x = 0, y = 0)

〉 asthe normalized �utuation value whih is obtained via dividing 〈δh2(x = 0, y = 0)〉 bythe inherent �utuation value, shown in Figure 4.12B. For the single Cl− ase, �utu-ations almost remain the same as in the bulk. At z = 17.5 Å, slight enhanement of�utuation was observed, with a normalized value of 1.36. In stark ontrast, for thease of I−, onset of enhaned �utuation relative to the bulk ours at z = 22 Å. As I−moves loser to the hydrophobi path, indued �utuations ontinue inreasing andthis enhanement reahes a maximum with a normalized value around 3.0 while I− isloated at z = 18 Å. Finally, the �utuation is lower ompared to the bulk when theanion is lose to the interfae. Comparing the trends of surfae �utuation as singleCl−/I− move toward the hydrophobi protein interfae and liquid-vapor interfae, we�nd that in both ases the �utuation is enhaned with presene of I−; however, thereis only marginal perturbation of the interfae by Cl−. We stress that this enhanementof interfaial �utuations ours as the ions approah the interfae, not while theydiretly reside there.Again, this originates, we laim, from the fat that Cl− presents a more rigidhydration environment due to the more e�etive hydrogen bonding of water, thusdereasing the e�ay of promoting interfaial �utuations. To visualize these di�er-ent manners in whih the hydration shells of Cl− and I− ouple with the solvationstruture at the hydrophobi protein interfae, Figure 4.11A and B present the 180◦angle-averaged radial water density around Cl− and I− as they reside at z = 18 Å, theposition of maximum 〈

δhL
2(x = 0, y = 0)

〉 for the anions. In this map, we only on-sider the water density distribution along positive z side, sine single anion approahesthe protein interfae from this side. For the Cl−, the �rst hydration shell remains inits entirety as shown in the bright yellow ring. This implies that the hydration shell101



Figure 4.9: Protein-solvent mean interfae 〈h(x, y)〉 and interfae �utuations
〈δh2(x, y)〉 in single Cl−/I− solution. The olor sale represents the in-terfae �utuations (A) Cl− resides at z = 24 Å (B) I− resides at z = 24Å (C) Cl− resides at z = 18 Å (D) I− resides at z = 18 Å (E) Cl− residesat z = 16 Å (F) I− resides at z = 16 Å.102



Figure 4.10: (A) Average aqueous protein surfae �utuation < δh2 > as a funtionof θ and φ (A) Cl− loates at z = 18 Å (B) I− loates at z = 18 Å.
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environment for Cl− is still quite rigid, well-ordered and tightly bound to the entralanion, whih will not ause an inreased dynamial perturbation of loal solvent (theCl− will not give up loal solvation water unless there is a su�iently aeptable ligandto substitute in water's plae); I−, in ontrast, possesses the �rst hydration shell thatis weakly-bound and less-ordered, so that it has more tendeny to break, as shown inPanel B, the bright yellow ring was broken at some region. This malleable hydrationlayer aommodates greater oupling with the solvation shell of the protein interfae,onsequently, induing a larger interfae �utuation. For a omparison, we also shownthe density map at z = 19 Å in Figure 4.11C and D, a little ahead of the position oflargest �utuation. In our reent studies, we have demonstrated a onnetion betweenL-V interfaial stability of hemial speies and the extent to whih the presene ofthese moleular speies approahing the interfae indues olletive �utuations of theinterfae in addition to the level inherent in pure water due to thermal motion. Next,we would like to also disuss the indued protein interfae �utuation di�erene for Cl−and I− as a further ontribution in explaining their di�erenes in free energy pro�lesapproahing the hydrophobi path; the ontribution arises in the ontext of a meh-anisti view of how the system ultimately �nds stability with I− near the interfae.We observe that the iodide anion indues larger �utuations on approah to the in-terfae; this inreases interfae entropy (based on Referenes [56, 55℄). This inreasedinterfae entropy may ontribute to di�erentially stabilizing mirostates where the io-dide is loser to the interfae ompared to hloride. Based on the potentials of meanfore of Figure 4.6, the highest indued �utuations orrespond to barrier states. The�utuations indued by iodide, being larger than for hloride, may tend to lower thebarrier required for the iodide to move to the interfae. Thus, the �utuations providea mehanism for iodide ultimately presenting at the interfae.We pause here to address potential artifats in our algorithm for omputing in-terfaial �utuations. One may ask whether the instantaneous oarse-grained interfaewe onstrut an arti�ially pass �through� the ion, thus giving rise to arti�ially large�utuations. To explore this, we plot the di�erene in the z-position of the ion enter104



Figure 4.11: Average water oxygen density around (A) Cl− at position z = 18 Å (B)I− at position z = 18 Å (C) Cl− at position z = 19 Å (D) I− at positionz = 19 Å. X axis represents the lateral distane r =
√

x2 + y2 and Yaxis represents the distane from positive z diretion.
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(zion) and the z-position of the interfae (zinterface) as the ion moves toward the pro-tein along the axis passing through the z-axis; that is, we plot the di�erene in thesepositions for di�erent values for eah simulation window. Thus, the z-position of theinterfae is equal to the value of the surfae height of the interfae at the point (x=0,y=0, zinterface), and the z-position of the ion enter is identially the z-position of theion. If the interfae is between the ion and the protein, we will see a positive value; ifthe interfae moves �through the ion�, we will get zero; if the ion resides between theinterfae and the protein, the value will be negative.In our system, due to the strong restraint applied on the ion, the distributionof the orresponding ion's z-position (zion) in eah simulation window is narrow ( 0.1Å). Consequently, for eah window, by subtrating basially the same zion, the dis-tribution of the instantaneous interfae's z-position (zinterface), whih orrelates withthe interfaial �utuation in our manusript, essentially has the same width of thedistribution for (zion-zinterface). The question arises whether the algorithm we use ar-ti�ially inludes all three senarios (zion-zinterface > 0, = 0, < 0) in some simulationwindows, and in this way suggesting larger �utuations. We will show that even whenall zinterface values are distributed on one side of the ion (all positive/negative valuesfor zion-zinterface), the distribution of zinterface is not neessarily small, i.e. the indued�utuations are non-artifatual. Figure 4.13 shows that for just about all positionsof I− greater than 16.5Å, the interfae resides between the protein and the ion. Theinterfae does not pass through the ion enter. There are some values less than zerowhen the ion z-position is 16.5Å, but at this point, we see suppression of interfae�utuations (Figure 4.12). Finally, we onsider the same analysis taking the interfaeposition to be the height of the surfae at di�erent x and y positions (in addition toa variety of z-positions). This is shown in Figure 4.14. This again shows the samebehavior as Figure 4.13. Based on this analysis and to the best of our ability at thistime, we believe the that indued �utuations we report are reliable and robust.To lose this setion, we attempt to evaluate hydrophobi interfae �utuations
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Figure 4.13: Di�erenes between ion position and surfae position (surfae positionis de�ned by the surfae height at position x = 0, y = 0) for I− andCl− at various positions from 16.5 (blak), 18 (red), 19 (green) and 22(blue).
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allowing for protein �exibility. Instead of freezing all protein atoms, we allow mod-est vibrational degrees of freedom of the protein. Sine the real proteins in biologialsystem are not motionless, it is meaningful to address whether the di�erent perturba-tions of interfaial �utuations indued by Cl− and I− persist in the ase of a �exibleprotein surfae. For the onveniene of evaluating the interfae �utuation around spe-i� regions of the protein in the external oordinate system without worrying abouttranslation and rotation of the protein in spae, translational and rotational motionsof the protein were �rst removed from the MD trajetory by using �MERGE ORI-ENT� module of CHARMM. RMSD based on the bakbone protein atoms are shownin Figure 4.15. The RMSD values are less than 2.5 Å in all ases as Cl−/I− loatearound protein surfae and in the bulk. Aqueous protein interfae was onstrutedusing new trajetories based on the same protool. Figure 4.16 shows the hydrophobiinterfae �utuation pro�les at x = 0 and y = 0 as a funtion of z-position of Cl− andI− approahing the �exible protein. When the single anion is in the bulk, �utuationis about 0.3 Å2 for both anions, higher than the inherent �utuation of the interfaearound the �xed protein, whih is about 0.2 Å2. This makes sense sine inherent �u-tuation of the protein interfae is not only derived from thermal motion of water, butalso from that of protein itself. Consistent with the �xed protein outomes, I− indueslarger �utuations than Cl− nearing the path, with the maximum value of 0.56 Å2higher than that of Cl− 0.43 Å2 at the loation of z = 20 Å.4.3.4 Less Hydrophobi and Hydrophili Protein InterfaeWe now turn to the proess single Cl−/I− approahes the aqueous protein inter-faes with di�erent hydrophobiity. We also start with PMF, representing the reversiblework for Cl−/I− transferring from the bulk to the regions around the protein-water in-terfaes that we are interested in. Figure 4.17A presents the PMF for single Cl−/I−approahing the less hydrophobi protein-solvent interfaes. The PMF shows a mini-mum of -0.06±0.04 kal/mol for the single Cl− and -0.16±0.04 kal/mol for the singleI− at position around 20 Å for both, whih is further emphasized in the small inset.
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Figure 4.15: Evolution of protein bakbone RMSD as (A) Single Cl− loates at z =16 Å (B) Single I− loates at z = 16 Å (C) Single Cl− loates at z = 25Å (D) Single I− loates at z = 25 Å.
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Relative to the state with ion in bulk, there is e�etively no stabilization. The maindi�erenes in PMF between Cl− and I− appear in the range from z = 15.5 Å to z= 17.0 Å. Unlike the Cl− PMF in this range, whih ontinues inreasing, there is aminimum in the PMF pro�le for I−. Consistently, the PMF for I− shows slightly higherstability than that of Cl− in this range. Figure 4.17B shows the PMFs for Cl− andI− approahing a hydrophili region.The PMF shows a global minimum of -0.35±0.06for single Cl− and -0.24±0.05 for single I− at position 14.7 Å and 15.1 Å respetivelyas they approah the hydrophili protein-solvent interfaes. (shown more learly inthe inset). They suggest a modest stabilization e�et from both Cl− and I− as theyare in the viinity of the hydrophili region around protein interfaes. In summary ofthe PMF as single Cl−/I− approahes three di�erent regions on the protein interfaeswith di�erent hydrophobiity, we �nd signi�ant di�erenes arising as single Cl−/I−is lose to the interfaes from z = 14 Å to z = 17 Å. For Cl−, when it is lose tothe hydrophobi and less hydrophobi region, there are no free energy minima, andthe free energy values are positive. For I−, although the free energy values are stillpositive, they are lower (with the largest di�erene about 1 kal/mol) than those ofCl−. Minima are observed in this region for the I− but not for Cl−. However, aroundhydrophili interfaes, both Cl− and I− have minima. This re�ets the fat that forboth Cl− and I−, there are more free energeti advantages as they are lose to the hy-drophili regions, ompared with the hydrophobi ones of HFBII protein, whih maydue to the favorable diret anion-harged residue interations around the hydrophiliprotein interfaes. Interestingly, our results of PMF for Cl−/I− when they are aroundhydrophobi and hydrophili residues of HFBII protein follow the similar trend forthe previous published work by Lund et al. [60℄. They ompared the free energetisof F− and I− around a spherial model maromoleule. Here, F− is a small, highlyharge-dense and fully hydrated anion similar to Cl−. They suggest that when themaromoleule is unharged and onsidered as a hydrophobi partile, I− has morefree energy advantage than F− for being near the interfae. When the maromoleuleis positive harged and onsidered as a hydrophili partile, the trend reverses, F− is113
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Figure 4.17: (A) PMF for single Cl−/I− approahing the less hydrophobi protein-solvent interfaes (B) PMF for single Cl−/I− approahing the hy-drophili protein-solvent interfaes.more favorable around the maromoleule. Also, omparing the free energetis of thesame anion around the hydrophobi and hydrophili sphere, Lund et al �nd that bothF− and I− are more stable around the hydrophili partile.Next, we onsider interfae �utuations. First we evaluate the inherent �utu-ations (absene of anions) of di�erent interfaial regions of the protein as referene.Figure 4.18 shows a olored map of HFBII protein interfae based on the magnitudeof interfae �utuations in TIP3P water. The olor sheme from red to blue represents�utuation spetrum from higher to lower values. Sine there are no other impurities inthe system, the inherent interfae �utuations are derived from the thermal �utuationsof the water. As shown in Panel A, regions de�ned as hydrophobi interfaes (V18, L19,
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L21, I22, V24, V54, A61, L62 and L63) possess the largest �utuations while the se-leted hydrophili interfaes in Panel D (D25, C26, K27, T28, A58, D59, Q60) manifestthe lowest �utuations. The less hydrophobi interfae (Panel C) displays a moderate�utuation. This suggests that the magnitude of interfae �utuation orrelates withthe surfae hydrophobiity. This is onsistent with Garde's insights [28℄ that density�utuations are enhaned near hydrophobi surfaes while redued with inreasing hy-drophiliity. This enhaned density �utuation is explained as a onsequene of morefaile avity formation, inreased ompressibility of hydration water, and more favor-able binding of hydrophobi solutes. Although in this work the �utuation we addressis based on the aqueous protein interfae height, whih is not exatly the same as wa-ter density �utuation Garde et al[28℄. apply, it re�ets similar information about themalleable nature of the water around hydrophobi path, onsidering that the aqueousprotein interfaes we onstrut were based on the oarse-grained solvent densities ateah spae-time point.We now address �utuations indued by the anions. Figures 4.19A and B show�utuation pro�les as Cl−/I− approah the less hydrophobi and hydrophili proteininterfaes, respetively. Compared the �utuations of distint protein interfaes asanions in the bulk, in previous setion we note this value for hydrophobi region isabout 0.2 Å2; in the less hydrophobi interfae, it is about 0.1 Å2; and in the hy-drophili interfae, it is about 0.07 Å2. These di�erenes orrelate with the inherentprotein interfae �utuations of Figure 4.18. As single Cl−/I− moves loser to the lesshydrophobi interfae, I− indues more interfaial �utuation than Cl−, espeially inthe range from z = 18 to z = 19 . The magnitude of the di�erene is up to 0.2 Å2,similar to the hydrophobi interfae value of 0.3 Å2. Comparing this pro�le with thatof the hydrophobi interfae in Figure 4.12A, the indued �utuations are signi�antfrom I− while marginal from Cl−; global maxima an be deteted in the I− �utuationpro�les at the loation of z = 18.0 and 18.5 for hydrophobi interfae and less hy-drophobi interfae respetively. In the ase of the hydrophili interfae, both Cl− andI− have inappreiable e�et on hydrophili interfaial �utuations. Although I− may115



Figure 4.18: Inherent interfae �utuations of HFBII. For A, B, C and D, eah one de-pits one side of the protein interfae with a rotation of 90◦ respetively.Red olour represents larger �utuations, while blue olour representssmaller �utuations. The highlight regions in A, C and D orrespondsto the hydrophobi, less hydrophobi and hydrophili regions that wede�ne in this study.
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indue a little larger �utuation ompared with Cl− as it moves loser to the interfae,the di�erenes are quite small, with a value of 0.02 Å2, only one-tenth of that fromthe less hydrophobi interfae. In this piture, our suggestion is that the extent ofthe di�erene is highly related to the nature of the protein interfae. The hydrophiliinterfae borders a rigid water environment that is di�ult to ouple with both thehydration shells of Cl− and I−. Consequently, Cl−/I− approahing the hydrophiliinterfae indue marginal interfaial �utuations, and the di�erene between indued�utuations of the two anions is less; however, for the hydrophobi interfae and lesshydrophobi interfae we de�ned, the water shells around these regions are malleable,so they an exhange solvation water with that of I−, whih also possesses a less rigidsolvation shell. However, due to the more severe ordering of water around Cl−, itis not possible for water around hydrophobi interfae to perturb the solvent aroundCl−. Therefore, as Cl− and I− approah this type of hydrophobi interfae, signi�antdi�erenes appear in their ability to indue hydrophobi interfaial �utuations.4.4 Summary and ConlusionsBuilding upon the insights gained from the vast studies of spei� ion behaviorsat aqueous liquid-vapor interfaes, we have presented here a disussion regarding theunique �utuation induing properties of two anions for whih the degree of induedinterfaial �utuations orrelates with stability at the interfae. Our major onlusionsare for hydrophobi protein-water interfaes, and this partiular nature of the interfaeis hosen as it is a logial extension of the ideally hydrophobi interfae presented bythe aqueous liquid-vapor ontext. Our ontrol system, the aqueous liquid-vapor in-terfae, reapitulates earlier spei� ion behavior, namely that the less-harge dense,larger iodide anion demonstrates a slight surfae propensity as embodied in a free en-ergy stable state ompared to hloride. Moreover, our results for the anions at theaqueous liquid-vapor interfae reapitulate reent studies orrelating surfae propen-sity to ability to indue interfae �utuations[55, 57, 56℄. At the interfae betweena hydrophobi region of a protein, in this ase HFBII, and the aqueous solvent, we
117
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Figure 4.19: (A) Less hydrophobi interfae �utuation at (x = 0, y = 0) as a funtionof anion restrained position for Cl− and I− (B) Hydrophili interfae�utuation at (x = 0, y = 0) as a funtion of anion restrained positionfor Cl− and I−.

118



�nd that potential of mean fore alulations reveal a lower free energy state for io-dide than hloride, the trends qualitatively onsistent with those observed at the liquidvapor interfae. Furthermore, we �nd that the more surfae stable iodide also in-dues signi�antly larger interfae �utuations on approah to the interfae omparedto the smaller, more harge-dense hloride; this is again in keeping with observationsat the aqueous liquid-vapor interfae. These behaviors approahing the hydrophobiinterfae, are related to the oupling of loal hydration water in the viinity of theprotein with the hydration water around the individual anions; spei�ally, the dif-ferential ability of the water environments to ouple with one another in the ase ofhloride and iodide leads to the spei�-ion behavior as it is related to indued interfa-ial �utuations. Approahing interfaes at the other extreme, hydrophili interfaes,we observe that both anions display similar behaviors in terms of surfae stability andindued interfae �utuations. These di�erenes o�er a view of the anions as havingdi�erent haraters in di�erent ontexts. Where strong loal interations are not dom-inant, as in the ase of hydrophobi surfaes that lead to higher �utuations in general(i.e., higher solvent density �utuations[36℄), the anions tend to di�erentiate them-selves based on their �hydrophobiity�; the large, less harge-dense iodide has a higherpropensity to assoiate with hydrophobi regions due to its inherent higher �hydropho-biity�. The smaller, more harge-dense, less hydrophobi hloride is not a stable ata hydrophobi interfae. The idea of spei�-ion behaviors at interfaes being relatedto hydrophobi solvation has been put forth reently, and we suggest that the urrentresults present another manifestation of the di�erential hydrophobi harater of ionsat spei� interfaes[51℄. In the ase of hydrophili interfaes presenting highly polarand harged speies, the strong harge-dipole and harge-harge interations dominateand equalize the stabilities and interfae perturbing e�ets of both ions.
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Chapter 5ORIENTATIONAL PREFERENCE OF GUANIDINIUM CATION ANDUREA DENATURANTS AROUND EFFECTIVE HYDROPHOBICREGIONS OF PROTEIN SURFACEReprodued with permission fromDi Cui, Shuhing Ou, Sandeep Patel. �Protein Denaturants at Aqueous-HydrophobiInterfaes: Self-Consistent Correlation between Indued Interfaial Flutuations andDenaturant Stability at the Interfae."Journal of Physial Chemistry B. 2015,119 (1),164-178. Copyright © 2014, Amerian Chemial Soiety5.1 IntrodutionThe pursuit for a global and self-onsistent oneptual, mehanisti, and theoret-ial framework within whih to disuss the denaturing properties and behaviors of osol-vents suh as urea and guanidinium hloride (GdmCl) ontinues to garner a signi�antamount of sienti� uriosity and e�ort [224, 225, 226, 227, 88, 228℄. The quest for a fun-damental understanding of protein denaturation has a long and rih history, to whihthe reader is referred [67, 68, 69, 70, 71, 72, 61, 73, 74, 75, 76, 77, 78, 79, 80, 43, 81℄.Based on reent experimental and moleular simulation studies, the notion of diretinterations of denaturants with proteins in solution has ome to be aepted in onsen-sus. Sine ommon denaturants used in pratial situations are needed in signi�antlyhigh onentrations, i.e., 5 M urea for instane, the notion that there are no diretinterations between denaturant and protein beomes less justi�able [88℄. Within theontext of diret interations, one of two major mehanisms for denaturation involvesthe lessening of the hydrophobi e�et as it relates to the formation of a ompat �pre-folded" ensemble of states where protein hydrophobi surfae exposure to solvent is
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redued in relation to the purely unfolded ensemble of states. The idea is that by asso-iating with hydrophobi regions of the protein (spei� residues, lusters of residuesforming extended topographial �surfaes�, hydrophobi sidehains, et), denaturantmoleules an shield the hydrophobi surfae area even in unfolded or extended on-�gurations of the peptide/polymer. This hemial denaturation mehanism naturallyinvolves diret interation of the osolvent moleule with regions of the protein surfae.A partiular aspet of this interation deals with the preise nature of assoiation ge-ometries and the assoiated free energetis; spei�ally, moleules suh as urea, andmore so guanidinium ation (Gdm+), an present several predominant relative orien-tations to the protein surfae through whih the interation is mediated. In general,it is proposed that a dominant interation of urea with surfae groups in protein sim-ulations involves hydrogen bonding with polar side-hain funtions [83, 84℄, while theunique hydration properties of the Gdm+ [85℄ support alternative interation modesinvolving staking with side-hain planar and hydrophobi groups. However, we shouldnote that the nature of the relative orientations would be ditated in part by the na-ture of solvation and hydrophobi e�ets as they pertain uniquely to eah denaturantmoleule. Understanding of the preise geometrial and assoiated free energeti prop-erties of denaturant-protein interations is important as a piee in a more ompleteunderstanding of the denaturation proess from a moleular perspetive. Previousstudies have shown that osolvents suh as Gdm+ adopt orientations relative to ��at",model hydrophobi surfaes that are planar. These hydrophobi surfaes inlude theaqueous liquid-vapor interfae [86, 87℄, �at hydrophobi plate [75, 88℄ and hydrophobipolymer surfae [77℄. However, there is a lak of diret evidene for similar orientationalbehavior of Gdm+ upon approahing more omplex aqueous protein interfaes. Theinherent hemial and topographial heterogeneity of protein surfae makes it di�ultto �nd a qualitatively rigorous approah to evaluate the relative orientation betweenthe surfae of Gdm+ and the protein. To �ll this gap, we apply moleular dynamissimulations investigating the assoiation of Gdm+ ation with a spei� protein witha relatively �at surfae region onsisting of hydrophobi residues. In the ontext of121



hemial denaturation via diret assoiation, we ask here about the orientations thatGdm+ and urea adopt when interating with hydrophobi regions of proteins. Theombination of this analysis addresses ideas of diret interation as well as hydropho-bi e�ets as they pertain to the denaturation proess. Furthermore, there is sentimentin the literature demonstrating the importane of solvent �utuations and their rela-tion to what is alled the hydrophobi nature of solutes. For example, using moleulardynamis simulations, Godawat et al [36℄ found that water density near the surfaes ofself-assembled monolayers (SAMs) with hydrophobi head groups (-CF3, -CH3) showsa poor distintion from that of SAMs with hydrophili head groups (-OH , -CONH2).However, di�erenes arise when onsidering the �utuations of water density near thetwo regions. Enhaned �utuations, re�eted by the broad probability distributions ofwater number density are observed around hydrophobi surfaes ompared with thebulk solution and hydrophili surfaes [28, 34℄. Moreover, the enhaned density �u-tuations around hydrophobi surfaes are further haraterized by more ompressiblehydration shells and inreased avity formation, [167, 168℄ indiating that the nature ofhydration shells around hydrophobi surfaes are softer and more �ikering than nearhydrophili ones. Sine the long-ranged solute-indued perturbations of aqueous pro-tein interfaes involve the oupling of loal hydration shells of the solutes with distanthydration shells around protein surfaes, the natures of both would a�et the extent ofindued interfaial �utuations. It would be interesting to ompare the interfae height�utuations as Gdm+/urea approahes the hydrophobi/hydrophili protein regions.We note that the interfae height �utuations we are pursuing here are oneptuallydi�erent from the density �utuations of Referenes [28, 34, 27, 229℄, though both re-�et the nature of hydration water around the protein surfaes. It is natural here toinvestigate the nature of indued �utuations of the solvent at the protein-water inter-fae via onsideration of the �utuations of the height of this interfae (one de�ned ina well-ontrolled manner) upon approah of a denaturant moleule to a hydrophobiprotein region as well as when the denaturant resides at very lose separation to theprotein-water interfae. 122



The partiular protein on whih we are fousing in this study is hydrophobin-II(HFBII), a small protein expressed by �lamentous fungi. The protein is known for itsability to form hydrophobi oatings on surfaes and self-assembles into monolayers onhydrophobi/hydrophili interfaes suh as the water/air interfae [183, 230, 231, 232℄.These behaviors are mainly determined by the protein's amphiphiliity. Aharya etal. [27℄ mapped the e�etive hydrophobi regions and e�etive hydrophili regions ofHFBII by onsidering the density of small probe hydrophobi solutes around eah re-gion of the protein. They seleted three regions with di�erent hydrophobiity basedon this and further monitored the density �utuations in the viinity of these regions.Their alulation shows that the largest density �utuations our around the mosthydrophobi region whereas the least density �utuations are deteted around mosthydrophili region. This partiular observation suggests hydrophobins as useful an-didate proteins for omparing behaviors at hydrophobi and hydrophili interfaes asdenaturant moleules approah. We note that the purpose of this study is to demon-strate the spei� denaturant's stability and orientational preferene around regionswith di�erent hydrophobiity of the protein with impliation of the diret interationas well as hydrophobi e�ets for the assoiation between denaturant and the protein.The aim of this study does not fous on the denaturation proess by these denaturants,so we use the totally �xed protein in the simulation along with quite low onentrationof denaturants ( 1 M and an extreme ase, single solute) ompared with the signi�anthigh onentration (up to 5 M) in the atual denaturation experiments. We furtheremphasize that by using the single solute in this study, it is possible for us to system-atially distinguish underlying haraters of stability for di�erent speies (Gdm+ andurea) and orientational preferene for di�erent orientations (parallel and perpendiularrelative to the regions of interest).The paper is organized as follows. In Setion 5.2 we disuss the simulationprotools and omputational details of the liquid-vapor interfae and aqueous proteininterfaes. Our results are presented in Setion 5.3 and are organized into four topis.
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We begin with disussion of potentials of mean fore (PMFs) and interfaial �utu-ations as single Gdm+/urea ross the aqueous liquid-vapor interfae. We onsiderGdm+/urea density distributions around the aqueous HFBII hydrophobi interfae in1.0 molal solutions in the seond part. We further investigate the PMFs and interfaial�utuations as single Gdm+/urea approah this aqueous protein hydrophobi inter-fae, demonstrating the resemblane between liquid-vapor interfae and hydrophobiprotein interfae in terms of solute spei� e�et and orientational preferenes. We�nish this setion by examining single Gdm+/urea approahing another region, whihis onsidered a hydrophili path ompared with the hydrophobi region we initiallystudy. We address our onlusions and general disussion in Setion 5.4.5.2 MethodAll the simulations in this study were performed with MD program NAMD2.9b3 [184, 185℄, using CHARMM22 all-atom fore �elds with CMAP bakbone torsionorretion term [187℄. Simulations of single Gdm+/urea approahing the liquid-vaporinterfaes were performed in the NV T ensemble. The simulation ell was retangularwith dimensions 40 Å × 40 Å × 150 Å, in whih z is the diretion normal to the liquid-vapor interfae. The system ontained one single Gdm+/urea and 1977 nonpolarizableTIP3P water model [190℄ water moleules. A rigid water geometry is enfored usingSHAKE [192℄ onstraints and an integration time step of 1.0 fs was used. The temper-ature was kept onstant at 300 K by applying the Langevin frition fore sheme witha damping oe�ient of 5ps−1. A swithing distane of 10 Å, non-bonded real-spaeuto� of 12 Å and pairlist generation distane of 14 Å were used for the van der Waalsinterations, and the partile mesh Ewald (PME) [191℄ method was employed for thealulation of onditionally-onvergent eletrostati interations. The grid size of PMEin x-dimension is 40, in y-dimension is 40, and in z-dimension is 150 (as lose to a 1 Ågrid point separation as possible). In order to obtain the PMF for transferring singleGdm+/urea from bulk aqueous environment to the liquid-vapor interfae, we de�nea olletive variable, whih is based on the Cartesian z-omponent of the separation
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between the water slab enter of mass and single Gdm+/urea entral arbon, desrib-ing this pseudo-hemial reation path. To enhane sampling of the distribution ofon�gurations where the olletive variable holds a partiular value, relevant restraintpotentials were introdued on the olletive variable in order to prevent it from movingoutside of the desired range. In this ase, we onstruted 31 ontinuous �windows" withwidth 1.0 Å. In eah window, entral arbon of single Gdm+/urea was restrained to
z-positions from 0 Å to 30 Å relative to the water slab enter of mass using a harmonipotential Urestraint(z; zrelative,ref) = 1

2
krestraint(z − zrelative,ref)

2 with the fore onstant of 4(kal/mol)/Å2. To onsider the orientational dependene of Gdm+ around interfae,we further desired to ompare the free energetis of single Gdm+/urea transferring fromthe bulk with two distintive orientations: the planar ring of Gdm+/urea parallel tothe liquid-vapor interfae and perpendiular to the liquid-vapor interfae. Here the ori-entations were de�ned based on idential de�nitions from previous publiations [86, 87℄in whih the angle θ between the vetor normal to the moleular ring and the z-axiswas omputed. Gdm+/urea was onsidered as parallel (as shown in Figure 5.1A) andperpendiular (as shown in Figure 5.1B) to the liquid-vapor interfae when θ = 0◦and θ = 90◦ respetively. We note that for the parallel orientation, the normal ve-tor of the moleular ring is along z-diretion; for the perpendiular orientation, thenormal vetor of the moleular ring an either be along x or along y diretion. Dueto the homogeneous nature of liquid-vapor interfae and the idential setup in x and
y dimensions in the simulation, here we only need to onsider one (when the normalvetor is along y diretion) of these two on�gurations in the perpendiular orienta-tion ase. In these two sets of simulations, initially, the parallel and perpendiularon�gurations of Gdm+/urea were seleted as starting strutures respetively and theorientations were maintained by restraining the diretions of entral arbon-nitrogenvetors. Based on the de�nition of orientations above, Gdm+ with parallel on�gura-tion has all three entral arbon-nitrogen vetors in the plane of XY , with the magni-tude along z-diretion being zero. Therefore, harmoni potentials with fore onstant
k = 1000 (kal/mol)/Å2 were applied to keep the magnitudes of z omponents of two125



of the three entral arbon-nitrogen vetors as zero. With this restraint protool, wean ensure the parallel orientation of single Gdm+ with respet to the liquid-vaporinterfae. For Gdm+ with perpendiular orientation, all three entral arbon-nitrogenvetors are in the plane of XZ. To maintain this orientation, harmoni potentials withfore onstant k = 1000 (kal/mol)/Å2 were applied to restrain the magnitudes of yomponents of the arbon-nitrogen vetors as zero. These restraint protools were alsoapplied to single urea moleule by onsidering only the two entral arbon-nitrogenvetors. Apart from the orientational restraints, idential hoie of olletive variableand setup of simulation windows were applied. Total sampling time for eah windowwas 15 ns for all the simulations and properties were alulated from all but the initial1 ns, whih was treated as equilibration.Simulations of HFBII in 1.0 molal onentration of GdmCl/urea aqueous solu-tions were performed in the NPT ensemble using a ubi ell with a box size 60 Å ×60 Å × 60 Å. NPT ensemble was used to eliminate the liquid-vapor interfaes, so onlythe protein-water interfaes were onsidered in the system. The protein struture wasbased on the ultra-high resolution struture of HFBII, with PDB ode 2B97 and itwas onstruted using CHARMM-GUI [189℄. Monomer of this HFBII protein, whihis omposed of 70 residues, was plaed in the enter of the box and fully solvated with6481 water moleules, along with 116 pairs of GdmCl or 116 urea moleules. Theinitial struture of the protein was arranged in a way that its largest hydrophobipath, onsisting of amino aid residues Val 18, Leu 19, Leu 21, Ile 22, Val 24, Val54, Ala 61, Leu 62 and Leu 63 (the three letter representing the amino aid types andthe number representing the position of the amino aid in the primary sequene), wasnearly perpendiular to the z diretion. The protein was rigidly �xed at the originalon�guration during the simulation while other system omponents were unrestrained.Temperature was maintained by Langevin bath at 300K and the pressure was keptonstant by Langevin pressure ontrol at 1 atm. A swithing distane of 10 Å, non-bonded real-spae uto� of 12 Å and pairlist generation distane of 14 Å were used forthe van der Waals interations. For the grid size of PME setup, the values are hanged126



Figure 5.1: (A) Representative snapshot of single Gdm+ with parallel orientationto the liquid-vapor interfae (B) Single Gdm+ with perpendiular ori-entation to the liquid-vapor interfae (C) HFBII protein in 1.0 molalonentration of GdmCl aqueous solution (D) Single Gdm+ with paral-lel orientation to the HFBII protein-solvent interfae (E) Single Gdm+with perpendiular y orientation to the HFBII protein-solvent interfae(F) Single Gdm+ with perpendiular x orientation to the HFBII protein-solvent interfae. 127



to 60 in all dimensions, orresponding to the ubi simulation ell in this ase. Sixdi�erent repliates were applied for eah system and properties were omputed basedon at least 10 ns of prodution run for eah repliate. A representative snapshot of thesimulation system an be found in Figure 5.1C.Furthermore, in order to illustrate the moleular details of orientation and freeenergetis of Gdm+/urea around protein interfaes, we simulated a system with singleGdm+/urea approahing the hydrophobi aqueous protein interfae with di�erent ori-entations. We use an idential protein starting struture as in the 1.0 molal solutionase, with the hydrophobi interfae of the protein nearly perpendiular to the z di-retion. In this way, similar to the liquid-vapor interfae ase, the relative orientationsbetween single solute and protein interfae an be de�ned in a straightforward way:when the normal vetor of Gdm+/urea ring is along z diretion, the solute is onsid-ered to be parallel to the hydrophobi protein interfae as shown in Figure 5.1D; whenthe normal vetor is along y diretion (Figure 5.1E) or x diretion (Figure 5.1F), thesolute is onsidered to be perpendiular to the hydrophobi protein interfae. Due tothe asymmetry of hydrophobi protein interfae, di�erenes arise between these twoperpendiular on�gurations. For the onveniene of disussion, we denote the ori-entations in Figure 5.1E and 5.1F as perpendiular y orientation and perpendiular
x orientation, indiating that the normal vetor is along y diretion and x diretion,respetively. Here, we note that although the hydrophobi protein path is ommonlyonsidered as �at, it still has some urvature. Hene stritly speaking, speaking ofan atual parallel or perpendiular orientation of Gdm+ plane relative to the proteinpath is not rigorous. However, in this work, we aimed to study the ontrasting hydra-tion properties and surfae �utuations indued by di�erent orientations of Gdm+ (water-depleted �at faes versus the more strongly water-assoiated ring (edge-on) sideof the ation) with respet to the hydrophobi path of the protein. Therefore in thisonvention, parallel orientation simply indiates that Gdm+ has more overlap with theprotein path in terms of their projetions to XY plane, relative to the perpendiularorientation. The whole protein was �xed during the simulation with enter of mass128



loated at (x = 0 Å, y = 0 Å, z = 0 Å). A �xed Cl− (at x = 0 Å, y = 0 Å, z =-15 Å) was added as the ounter ion to neutralize the positive harge in the ase ofGdm+. Similar to the liquid-vapor interfae situation, for alulation of PMF, we usethe Cartesian z omponent of the separation between the enter of mass of protein andentral arbon of single Gdm+/urea as the olletive variable. Selet on�gurations ofsingle Gdm+/urea with parallel, perpendiular y and perpendiular x orientation wereused as starting strutures respetively with entral arbon of the moleule loated at x= 0 Å and y = 0 Å. X omponent and y omponent of the solute's entral arbon wererestrained at this original position x = 0 Å and y = 0 Å during the simulation usingNAMD's �seletConstraints" infrastruture, with su�iently large fore onstant k =1000 (kal/mol)/Å2. The orientations were maintained by restraining the diretionsof the entral arbon-nitrogen vetors with the same protool as liquid-vapor interfaeases mentioned above. In this ase, single Gdm+/urea will approah the spei� spoton the path (x = 0 Å and y = 0 Å) with partiular orientation while still keepingsome rotational degree of freedom by using the normal vetor to the moleular ringas rotation axis. We just entered on one spei� region on the path due to the fatthat the interfae is heterogeneous, resulting in the di�erenes of the extent of inherentinterfae �utuations at various loations (to be disussed further below). For a mean-ingful disussion of the moleule indued �utuation (�utuation in addition to thelevel inherent in pure water) as it approahes the hydrophobi interfae, one represen-tative spot with �xed position and unhanged inherent �utuation had to be de�ned.In this ase, along the positive z-diretion, 49 ontinuous �windows" with width 0.2Å ranging from area around protein-solvent interfaes to bulk water region were on-struted. The spans of the windows going from interfaial region to bulk region (in Å)were: [15.4:15.6℄, [15.6:15.8℄, [15.8:16.0℄ ...... [24.4:24.6℄, [24.6:24.8℄, [24.8:25.0℄. In eahwindow, a harmoni restraint potential with fore onstant of 10 (kal/mol)/Å2 wasapplied. Other simulation onditions remain the same as that of the system of proteinin 1 m onentration of GdmCl/urea aqueous solution. The �rst 2ns was allowed forequilibration before a total of 20ns prodution data was generated for eah window.129



For a omplete understanding of the in�uene of the hydrophobiity of the proteinpath on the orientational preferene of Gdm+ solute, we onsidered another systemin whih single Gdm+ approahes a more hydrophili protein region whih onsists ofresidues Asp 25, Cys 26, Lys 27, Thr 28, Ala 58, Asp 59, Gln 60. The simulationonditions remained idential exept that the protein was posed in a di�erent way inthe simulation ell with the seleted hydrophili interfae almost perpendiular to thez diretion. The window setup ranged from [14.0:14.2℄, [14.2:14.4℄, [14.4:14.6℄ ...... to[24.4:24.6℄, [24.6:24.8℄, [24.8:25.0℄ for a total of 56 windows.5.3 Result and Disussion5.3.1 Liquid-Vapor InterfaeWe �rst onsider a single Gdm+/urea solute approahing the liquid-vapor inter-fae. This analysis provides a referene ontext within whih to disuss the results at ahydrophobi protein interfae later. To �rst address solute orientational propensities asthey vary along the order parameter, we ompute orientationally resolved probabilitydistribution pro�les along the z-axis as a single Gdm+/urea approahes the liquid-vaporinterfae as shown in Figure 5.2A and C respetively. Here, in a statistial manner, weonsider the probability of the single solute at position z with orientation θ, whih isde�ned based on the following Equation 5.1[86℄:
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. The limits cos(θ) = 1 and cos(θ) = 0 represent Gdm+ orientations thatare parallel and perpendiular to the liquid-vapor interfae, respetively. In bulk region
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with z < 13 Å, the probabilities of Gdm+/urea with di�erent orientations are idential,indiating no orientational preferene; while in the interfaial region ( 15 Å≤ z ≤ 20 Å),single Gdm+ manifests a higher tendeny to adopt the on�guration that is parallel tothe liquid-vapor interfae. This observation is onsistent with the result in our previouspubliation on an idential system using a polarizable fore �eld (TIP4P-FQ), [87℄ andWernersson et al.'s work using 1.1 m and 5.3 m GdmCl solutions. [86℄ Single ureaalso displays a marginal orientational preferene for a parallel on�guration as well;urea's propensity for the parallel orientation is lower than that of Gdm+ based on thelower intensity of the orresponding region in Figure 5.2C. We note that this higherprobability of parallel orientation of single solute around interfaial region suggests alower free energy of this on�guration relative to the perpendiular. To further explorethis di�erene, we onsider potentials of mean fore for single Gdm+/urea from bulkthrough liquid-vapor interfae being restrained at partiular orientations as shown inFigure 5.2B and D for Gdm+ and urea respetively. In both panels, blak lines representonditional PMF pro�les for single solute with parallel orientation; blue dashed linesrepresent onditional PMF pro�les for single solute with perpendiular orientation.The orientation-averaged PMF pro�le (with no restraints on the orientation) is shownas a dotted green line. The weighted histogram analysis method (WHAM) was usedfor generating the �nal PMF in all ases. [145℄ The standard error was estimated byusing the blok averaging method obtained from eah onseutive 0.5 ns time blok inthe prodution run of eah umbrella sampling window. This seletion will ensure theblok size was signi�antly larger than the orrelation time in eah window. The PMFis de�ned to be zero when the solute is in the bulk, whih is determined by window
z = 0 Å. To better ompare the interfae stability among di�erent orientations, inthe large graph of Panel B and D, we emphasized the PMFs around the interfaialregion while the entire PMF along the olletive variable an be found in the inset.For single Gdm+, the parallel orientation shows a minimum of roughly -0.4 kal/mol,with unertainty about 0.1 kal/mol, prior to the GDS at the separation of z = 16.5 Å,while the perpendiular orientation displays no surfae stability at all. Overall, when131



there is no orientational restraint applied on the Gdm+, as shown by the green line,no surfae stability is found near the interfae. The PMF is less repulsive in the asewith no orientational restraint ompared to the perpendiular orientation senario;this is onsistent onsidering that it is an average result from the ontributions ofall possible on�gurations. The PMF for no orientational restraints (green dottedline) shows a slight shoulder around z = 16 Å, indiating the e�et of the parallelorientations. However, sine the stability of the parallel orientation is rather small,and on�gurations di�ering from the parallel geometry are assoiated with signi�antlyhigher free energies at the interfae, the overall e�et leads to a PMF displaying noapparent interfaially-stable state. For single urea, the parallel orientation PMF showsa slight minimum of 0.04 ± 0.07 kal/mol. Considering the unertainty here, whetherparallel orientation of urea shows surfae stability or not is debatable. However, wenotie that in ontrast to the perpendiular orientation, the parallel orientation ismore free energetially favorable, although this trend is not as obvious as the asefor Gdm+. All these PMF results are onsistent with the probability distributions oforientations as disussed above. We note that this orientational preferene of Gdm+around liquid-vapor interfae may be related to the hydration struture of Gdm+ aspreviously studied by Mason et al. [85, 73℄ and Cooper et al [233℄. The hydrationaround Gdm+ is anisotropi. In the moleular plane, the N-H group an serve ashydrogen bond donor, interating with water moleules [233℄ as demonstrated in thegas-phase, while above or below the planar fae, it is inadequate to serve either ashydrogen bond donor or aeptor. Therefore, when single Gdm+ approahes the liquid-vapor interfae with parallel orientation, it is easy for desolvation to our, whih isfree energetially favorable. For the struturally analogous moleule urea, it still anserve as hydrogen bond donor above or below the planar fae, so it is less faile for theparallel urea moleule to desolvate ompared with that of Gdm+ [234℄.Reent studies have demonstrated an interesting onnetion between liquid-vapor interfaial stability of hemial speies and the extent to whih the presene ofthese moleular speies in the viinity of the interfae indues olletive �utuations132



Figure 5.2: (A) Orientationally resolved probability map of single Gdm+ aroundliquid-vapor interfae (B) PMF of single Gdm+ from bulk transportingthrough liquid-vapor interfae with parallel orientation, perpendiularorientation and no orientational restraint (C) Orientationally resolvedprobability map of single urea around liquid-vapor interfae (D) PMF ofsingle urea from bulk transporting through liquid-vapor interfae withparallel orientation, perpendiular orientation and no orientational re-straint. For larity, in (B) and (D), no orientational restraint pro�les areshifted by 1 kal/mol; perpendiular pro�les are shifted by 2 kal/mol.The GDS positions are denoted as orange dash lines in (B) and (D).
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of the interfae in addition to the level inherent in pure water (absene of the solute)due to thermal motion; these studies have foused on monovalent inorgani ions asinitial test systems. [56, 57, 87℄ Initially, it is found that the speies demonstratingan interfaial stability (eg, I−) as demonstrated by free energy minima in the regionof the GDS as evaluated via potentials of mean fore, appear to enhane liquid-vaporinterfaial �utuations, while those that show no interfaial stability (eg, Cl−) indueno or lesser extent of �utuations. The di�erenes in indued interfaial �utuationsby two representative ions, Cl− and I−, has been attributed to these two types of ionspresenting distint hydration shell environments. The �rst solvation shell of I− is moremalleable than that of Cl−. The nature of the solvent struture around I− determinesthat it is more amenable to induing �utuations of the interfae as a onsequene ofa greater disruption of the solvent struture on approah to the interfae. Inspired bythis, we onsider that di�erenes in indued interfaial �utuations should arise as theparallel and perpendiular orientations of Gdm+ approah the liquid-vapor interfaesine these two on�gurations display distint hydration shell environments with par-allel orientation presenting a more malleable solvent environment and perpendiularorientation showing a more rigid hydration environment due to the more e�etive hy-drogen bonding of water in the plane of the ring. The two orientations are assoiatedwith dramatially di�erent free energeti pro�les at the liquid-vapor interfae. Thesurfae height �utuations were then omputed. The mean surfae height and surfaeheight �utuation when single Gdm+ resides at the position of z = 14 Å is shown inFigure 5.10. Both the mean surfae pro�le and surfae height �utuation pro�le areradially symmetri, with the largest value at the position where the Gdm+ is just ap-proahing the point (x = 0, y = 0). For onveniene, we use this representative value
〈δh2(x = 0, y = 0)〉 to ompare the magnitude of interfae �utuations when the soluteis restrained at di�erent z-positions, with the result shown in Figure 5.3. Flutuationpro�les for Gdm+ and urea with distint orientations are presented in Panel A andC respetively. In the ase of pure TIP3P water without the existene of solute, theinherent �utuation for urrent system size is around 1.32 Å2. Using this value as a134



normalization fator, normalized �utuation pro�les were obtained, presented in PanelB and D for Gdm+ and urea respetively, whih will display solute-indued ontribu-tion in a diret way. 〈δh2
L〉 > 1 indiates the surfae height �utuation is enhanedrelative to pure water; with 〈δh2

L〉 < 1, it denoted that the surfae height �utuation isdamped. In the Gdm+ ase, the parallel orientation indues a large �utuation, withthe maximum normalized �utuation value around 2.2 at the loation of z = 14 Å,whih is around 3 Å prior to the position of the free energy minimum. In stark on-trast, no obvious enhanement of surfae �utuations is assoiated with perpendiularorientation. These trends are expeted onsidering the distint hydration struturesfor the parallel and perpendiular orientation of Gdm+. The nature of the malleablehydration shell around parallel orientation Gdm+ is similar to that of single, low hargedensity anions, like I−. The solvent struture is more amenable to induing larger �u-tuations due to the fat that it is more easily disrupted as the solute approahes theinterfae. On the other hand, the perpendiular orientation of Gdm+ showing no inter-fae stability is more like Cl−, with more rigid solvation struture around the peripheryof the ring due to the existene of hydrogen bonding. These results using a nonpolariz-able fore �eld are onsistent with our previous work using the TIP4P-FQ polarizablefore �eld, [87℄ indiating a fore �eld independene of the fundamental, underlyingphysial origin of this orrelative phenomenon. Previously, it has been pointed out theimportane of onsidering polarizability in the ion-spei� e�et. [45, 47℄ By negletingthe polarizability in the fore �eld, larger anion I− may not show signi�ant surfaestability, giving a poor distintion with respet to Cl−. However, our results indiatethat in ase of Gdm+, the orientational preferene is pronouned enough even in thenonpolarizable fore �eld. In light of this, in the following setion for the disussion ofGdm+ around the protein surfae, we use this nonpolarizable fore �eld. We also notiethat di�erenes in indued �utuations also exist in the ase of urea with dissimilarorientations. For the parallel orientation, the largest indued normalized �utuationvalue is around 1.85, whih is still larger than the �utuation from perpendiular ori-entation 1.45. Interestingly, for the parallel orientation, the indued �utuations from135



Gdm+ is larger than that from urea, orresponding to Gdm+'s greater free energetistabilization; the perpendiular orientations show a reverse trend as the indued �utu-ation from Gdm+ is smaller than that from urea, whih orrelates with the PMF trendthat Gdm+ is more repulsive in this ase. Again, the smaller di�erenes in interfaialstabilization and indued �utuation between parallel and perpendiular orientationis related to the spatial loation of hydrogen bonding network, either below or abovethe planar fae, leading to the loser solvation struture of the parallel oriented andperpendiular oriented urea. Overall, the di�erenes in orientational preferene aroundliquid-vapor interfae, interfaial stability and indued �utuation between Gdm+ andurea may possibly be onneted to the e�ieny of these two solutes as denaturantsvia diret interations with hydrophobi side hains and surfae regions of proteins.For a further understanding of this, we attempt to extend this investigation from theideally hydrophobi aqueous liquid-vapor interfae to a somewhat more realisti andmore omplex aqueous protein hydrophobi interfae.5.3.2 Aqueous Protein InterfaeBefore we onsider the free energetis of single Gdm+/urea approahing the hy-drophobi protein interfaial region, we provide a general overview of distributions ofsolute orientation relative to the hydrophobi protein path. To probe this, generally,we de�ne a sampling volume in the Cartesian spae orresponding to the hydrophobipath around the protein. This sampling volume is shown in Figure 5.4A, within therange of -8 Å ≤ x ≤ 8 Å, -8 Å ≤ y ≤ 8 Å and 12 Å ≤ z ≤ 25 Å, roughly inludingresidues Val 18, Leu 19, Leu 21, Ile 22, Val 24, Val 54, Ala 61, Leu 62 and Leu 63.Orientationally-resolved probability distribution of Gdm+ around this de�ned regionis shown in Figure 5.4B. The probability at position z with orientation θ in this aseis de�ned in the same way as that in liquid-vapor interfae system in Equation 5.1.Around the seleted hydrophobi protein surfae, Gdm+ displays a higher propensityfor the parallel on�guration. We note that this marked tendeny has previously beennotied in proximity to hydrophobi surfae. England et al. [75, 88℄ found that Gdm+
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Figure 5.3: (A) Surfae height �utuation for liquid-vapor interfae at (x = 0, y = 0)as a funtion of position of single Gdm+ (B) Normalized surfae height�utuation for liquid-vapor interfae at (x = 0, y = 0) as a funtion ofposition of single Gdm+ (C) Surfae height �utuation for liquid-vaporinterfae at (x = 0, y = 0) as a funtion of position of single urea (D)Normalized surfae height �utuation for liquid-vapor interfae at (x =0, y = 0) as a funtion of position of single urea.
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aumulates in the viinity of �at hydrophobi plate in a roughly parallel way. Go-dawat et al. [77℄ also mentioned the Gdm+ has a preferene for parallel staking withthe hydrophobi polymer surfae from the snapshots of their simulations. Here, us-ing a simple approah we de�ned the relative orientations between Gdm+ solute andhydrophobi protein surfae and showed the orientational preferene of Gdm+ aroundthe hydrophobi path of HFBII. Furthermore, we onsider orientationally-resolvedprobability distributions of urea in an idential probe volume in Figure 5.4C. Paralleloriented urea is also preferred ompared with the perpendiular on�guration aroundthe hydrophobi protein surfae. However, this trend is less intense in the ase of ureaompared with Gdm+, whih is similar to the situation at the liquid-vapor interfae.This is onsistent with the previous report that urea, ompared with Gdm+, displaysmore orientational diversity around hydrophobi plate-like surfaes[75℄. So far, we onlyonentrated on solute distributions around the hydrophobi region of the protein andattempted to onnet this with the similar observation around the liquid-vapor inter-fae, whih is one model of an ideal hydrophobi interfae. A omplementary studywould be fousing on another distint region around the protein surfae with di�erenthydrophobiity. Therefore, we de�ne another sampling volume orresponding to thehydrophili path of the protein (inluding residues Asp 25, Cys 26, Lys 27, Thr 28,Ala 58, Asp 59, Gln 60) in Cartesian spae within the range of -8 Å ≤ y ≤ 8 Å, -8Å ≤ z ≤ 8 Å and 12 Å ≤ x ≤ 25 Å. The volume of this sampling region remains thesame as that de�ned for the hydrophobi region, but the position of the probe regionin Cartesian spae is di�erent. In Figure 5.4D, is shown the orientationally-resolvedprobability distribution for Gdm+ around this hydrophili region. Overall, no prefer-ene for parallel oriented Gdm+ is observed in this ase, although this preferene anbe deteted in a small portion of the map with the separation of z = 14 Å. Comparedto the orientationally-resolved probability maps for Gdm+ around hydrophobi (PanelB) and hydrophili area (Panel D), it is safe to laim that around more hydrophobiregions, there is a stronger tendeny for the parallel staking of Gdm+ with proteinsurfae, whih is also been notied in �at plate systems previously. [74℄ We note that138



these general trends are robust as an idential path with di�erent sampling volume,as de�ned in the Figure 5.5 and Figure 5.6, further veri�es this orientational preferenearound hydrophobi/hydrophili regions.The PMF pro�les for single Gdm+/urea approahing the hydrophobi proteinsurfae region are shown in Figure 5.7. Panel A shows the PMF of single Gdm+ withparallel orientation (solid red line), perpendiular y orientation (dotted green line), andperpendiular x orientation (dashed blue line) moving towards the hydrophobi pathregion from the bulk, whih is loated at z = 25 Å in this ase. The PMF pro�leswere generated by post-proessing umbrella sampling MD trajetories with WHAMand the standard errors were estimated by using the blok averaging method obtainedfrom eah onseutive 0.5 ns time blok in the prodution run of eah umbrella sam-pling window. The parallel on�guration gives rise to a PMF minimum of -2.85±0.04kal/mol as it nears the hydrophobi path at a separation of z = 15.7 Å; a shallow se-ond minimum an be observed at a separation of z = 19 Å. A free energeti barrier anbe observed between these two minima, whih may be related to the dramati hange ofthe number of water moleules within the �rst hydration shell of the solute as shown inFigure 5.8. There is a shallow minimum with free energy -0.48±0.04 kal/mol around
z = 17 Å for the perpendiular y orientation Gdm+; while for perpendiular x Gdm+,a monotonially repulsive trend was observed. This di�erene may be determined bythe exat omposition and loal spatial arrangement of the residues on and near thehydrophobi path as shown in Figure 5.13A and 5.13B. When Gdm+ with perpendi-ular x orientation approahes the path, there is a repulsive interation between NHgroups of Gdm+ and side hains of residues Ile 22 and Leu 63 on the path. Moreimportantly, we notie that ompared with PMFs for perpendiular oriented Gdm+showing marginal or no stability, PMF's for parallel orientation Gdm+ are muh morefree energetially favorable. This further ehoes the result shown in Figure 5.4B, in-diating that Gdm+ prefers to assoiate with the hydrophobi protein path with itsmore hydrophobi, easily desolvated, parallel orientation. This preferene is explainedby England et al. [75, 88℄ as hydrophobiity-driven staking interation in their study139



Figure 5.4: (A) Representative of sampling volume for probing orientational resolvedprobability of solute around ertain region of protein interfae (B) Orien-tational resolved probability distribution of Gdm+ around hydrophobiprotein interfae in 1.0 molal GdmCl solution (C) Orientational resolvedprobability distribution of urea around hydrophobi protein interfae in1.0 molal urea solution (D) Orientational resolved probability distribu-tion of Gdm+ around hydrophili protein interfae in 1.0 molal GdmClsolution.
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Figure 5.5: (A) Representative of sampling volume for probing orientational resolvedprobability of solute around ertain region of protein interfae with therange of -6 Å ≤ x ≤ 6 Å, -6 Å ≤ y ≤ 6 Å and 12 Å ≤ z ≤ 25 Å (B) Orien-tational resolved probability distribution of Gdm+ around hydrophobiprotein interfae in 1.0 molal GdmCl solution (C) Orientational resolvedprobability distribution of urea around hydrophobi protein interfae in1.0 molal urea solution (D) Orientational resolved probability distribu-tion of Gdm+ around hydrophili protein interfae in 1.0 molal GdmClsolution.
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Figure 5.6: (A) Representative of sampling volume for probing orientational resolvedprobability of solute around ertain region of protein interfae with therange of -7 Å ≤ x ≤ 7 Å, -7 Å ≤ y ≤ 7 Å and 12 Å ≤ z ≤ 25 Å (B) Orien-tational resolved probability distribution of Gdm+ around hydrophobiprotein interfae in 1.0 molal GdmCl solution (C) Orientational resolvedprobability distribution of urea around hydrophobi protein interfae in1.0 molal urea solution (D) Orientational resolved probability distribu-tion of Gdm+ around hydrophili protein interfae in 1.0 molal GdmClsolution.
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using hydrophobi plate. Due to the inability of hydrogen bond formation betweenhydrophobi surfae and water moleules, the hydrophobi surfae has a stronger ten-deny to minimize the exposed area in the aqueous environment. This an be ahievedby the fae-on oating by Gdm+ of the surfae, whih is free energetially favorable.The observed staking mode of self-assoiation among Gdm+ [73, 78, 235℄ an alsobe onsidered as hydrophobially driven interation. Instead of assoiation with largehydrophobi plate or protein surfae, in this ase, Gdm+ pairs with another Gdm+by maximize the overlapping of their hydrophobi planar rings. We further verify thisby onsidering the PMFs of single Gdm+ approahing another Gdm+ with di�erentrelative orientations as shown in Figure 5.9. Besides, In Figure 5.7B, PMF pro�les forurea with di�erent orientations moving towards the idential hydrophobi path arepresented. Again, parallel oriented urea moleule shows the most free energy stabilitywith a value around -2 kal/mol ompared with the two perpendiular orientations.However, omparing parallel urea assoiation free energy around hydrophobi proteinpath with that of parallel Gdm+, we �nd that it is less favorable, whih is due to thelower hydrophobiity of urea's planar surfae as disussed earlier. These behaviors areonsistent with the results from orientation distribution maps in Figure 5.4.
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The stability of a single solute at the protein interfae orrelates with the induedinterfaial �utuations as the solute approahes. The protein-solvent interfae wasonstruted based on our de�ned protool. A representative average protein-solventinterfae is shown in Figure 5.10C and the orresponding height �utuation is shownin Figure 5.10D in the Supporting Information. Overall, the ontour of the meaninterfae is reasonable onsidering that the shape of the protein is globular. Themagnitude of interfae �utuations an be judged by the olor sale in Panel D, inwhih ase a single Gdm+ is loated at z = 18 Å right above the position x = 0, y= 0. We onsider this point as a referene point sine it displays the largest indued�utuations ompared with other regions on the protein surfae as indiated by thebright ring in Figure 5.10D. To better illustrate the hange in interfae �utuationmagnitude as single Gdm+/urea approahes the path, the indued �utuation at thisreferene point, 〈δh2(x = 0, y = 0)〉, as a funtion of z position of the entral arbon ofthe solute is plotted in Figure 5.11. In Figure 5.11A, at large separations of the singleGdm+ from the hydrophobi path region, none of the on�gurations of Gdm+ showsinreased perturbation of the aqueous protein interfae. The magnitude of undulationsof the protein-solvent interfae solely omes from the inherent, thermal �utuation.As the restrained Gdm+ with distint orientations approahes the hydrophobi path,the indued �utuation pro�les exhibit striking di�erenes. Parallel-oriented Gdm+indues large �utuations of the interfae (0.95 Å2) at the separation of z = 18 Å,whih is around 5 times that of the inherent interfaial �utuation (0.19 Å2). In thease of perpendiular-orientated Gdm+, maxima in the �utuation pro�les an also befound at the same separation of z = 18 Å. However, the extent of the indued interfaial�utuation is smaller ompared with that of the parallel orientation, with perpendiular
y giving a value of 0.4 Å2 (2 times of inherent �utuation) and perpendiular x giving avalue of 0.35 Å2 (1.8 times of inherent �utuation). This is onsistent with the trendsat the liquid-vapor interfae showing that interfaially stable parallel on�gurationsof Gdm+ indue larger interfaial �utuations than the perpendiular, less interfae-stable orientations of Gdm+. As expeted, parallel orientations urea indues a larger147



extent of �utuation (around 0.75 Å2) than the perpendiular ones (around 0.45 Å2),orresponding to the greater free energy stability of the parallel on�gurations aroundthe interfae shown in Figure 5.7. Comparing the indued �utuation values betweenparallel on�gurations of the two solutes, the more hydrophobi and more surfaestable Gdm+ gives a higher level of enhaned �utuation. These results support theargument that the more hydrophobi nature of the parallel-oriented Gdm+ makes thehydration shell weakly-bound and less-ordered, so that it has more tendeny to breakand ouple with the hydration water in the viinity of hydrophobi protein path region,whih will ause a large perturbation of the protein-solvent interfae in addition to thelevel present in pure water. Aording to the previous studies [56, 55, 57, 169℄, thisenhaned �utuation represents an inrease of interfae entropy, whih may ontributeto di�erentially stabilizing on�gurations where the parallel orientation Gdm+ is loserto the interfae ompared to other on�gurations of the solute.To lose this disussion about indued interfaial �utuations, we address po-tential artifats in our algorithm for omputing interfaial �utuations. One may askwhether the instantaneous oarse-grained interfae we onstrut an arti�ially pass�through" the solute, thus giving rise to arti�ially large �utuations. To explore this,we plot the di�erene ∆ in the z-position of the entral arbon of Gdm+ and the z-position of the interfae (zinterface) as Gdm+ moves toward the protein path along the
z-axis. Here, the z-position of the interfae is equal to the value of the surfae heightof the interfae at the point (x = 0, y = 0, zinterface). ∆ > 0 means the interfae isbetween single Gdm+ and the protein path; while ∆ = 0 indiates that interfae justpasses through the Gdm+; ∆ < 0 implies that the Gdm+ resides between the interfaeand the protein. We will show that even when all the zinterface values are distributed onone side of the solute with ∆ value onstantly being larger or smaller than zero, thedistribution of zinterface is not neessarily small. This would suggest that the indued�utuations are non-artifatual and the higher �utuation values are not due to theombination of three di�erent senarios ( ∆ > 0, = 0, < 0). Figure 5.14 displays the
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Figure 5.10: (A) Mean height of liquid-vapor interfae as single Gdm+ loates at z= 14 Å (B) Surfae height �utuation of liquid-vapor system as singleGdm+ loates at z = 14 Å (C) Mean protein-solvent interfae heightas single Gdm+ loates at z = 18 Å (D) Height �utuation of protein-solvent interfae as single Gdm+ loates at z = 18 Å, the olor salesrepresenting the magnitude of �utuation.

149



16 17 18 19 20 21 22 23 2425
Z position(Å)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 <
δh

2 >
 (

Å
2 )

16 17 18 19 20 21 22 23 2425
Z position(Å)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

parallel
perpendicular y
perpendicular x

parallel
perpendicular y
perpendicular x

A Gdm
+ B UREA

Figure 5.11: (A) Surfae height �utuation for hydrophobi protein interfae at (x= 0, y = 0) as a funtion of restrain z position of single Gdm+ withparallel orientation, perpendiular y and perpendiular x orientation(B) Surfae height �utuation for hydrophobi protein interfae at (x =0, y = 0) as a funtion of restrain z position of single urea with parallelorientation, perpendiular y and perpendiular x orientation.

150



values of ∆ and the distributions of ∆ as single Gdm+ is loated at three representa-tive positions, z = 16 Å, 18 Å and 19.5 Å. Panel A and D orrespond to the parallelon�guration; Panel B and E orrespond to the perpendiular y on�guration; PanelC and F orrespond to the perpendiular x on�guration. At a separation of z = 18Å, where the Gdm+ indues a large interfaial �utuation, we observe that ∆ is alwayslarger than zero for all the three ases, indiating that the interfaes will always residebetween the protein and the solute, so there is no artifat where the surfae passesthrough the solute. The same applies to the situation that Gdm+ is loated at z =19.5 Å as indiated by the blue line. Although at the separation of z = 16 Å thereare some ∆ values less than zero, at this point the interfaial �utuation is suppressedby the presene of the solute. This suggests further that enhaned �utuations arenot in�uened by the interfae �utuating on both sides of the solute. Furthermore,at loser separations of Gdm+ and the protein-water interfae, the meaning of the lo-al interfae beomes ambiguous perhaps, but this is not a serious issue as the majordi�erenes in interfae e�ets our well-before the solute arrives at the interfae. Anadditional point worth addressing is that at a separation of z = 18 Å, we observe thatthe parallel on�guration of Gdm+ exhibits a wider distribution of ∆ values as shownin Panel D green line. This is onsistent with the earlier result of Figure 5.11A thatparallel orientations of Gdm+ indue larger �utuations of hydrophobi protein-solventinterfae ompared to the perpendiular ones. In a reent study, Patel et al disussedthat water near hydrophobi surfaes an be desribed as being near a phase transitionharaterized by enhaned �utuations in relevant order parameters. [236, 35℄ The rel-evant order parameter is solvent density in their work, the distribution of whih variesfrom unimodal (when two hydrophobi interfaes are far apart) to bimodal at separa-tions where the volume between surfaes �utuations between wet and dry states tounimodal one the inter-solute spae is ompletely dry (post dewetting transition). Inthis work, as solutes approah the hydrophobi surfae as a perturbation to the inter-faial water, a di�erent order parameter based on the interfaial height is onsidered.
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Ideally, this interfaial height should display the same signatures of bimodal distribu-tion as the solute reside at the position that indues the largest surfae �utuation.From previous disussion, ∆ is the di�erene between zGdm and zinterface. Sine zGdmis almost onstant (this is the �xed position of the solute), the distribution pro�les of
∆ and zinterface should be idential exept the shift along X axis. We will just use thedistribution of ∆ in the following disussion. A fat tail in the distribution pro�le inFigure 5.11D is observed as the solute is loated at a separation of z = 18 Å, whihis near the position of largest �utuation. Furthermore, the distribution pro�les of ∆for Gdm+ with parallel orientation at the separation of z = 17.5 Å and z = 17.7 Å areshown in Figure 5.12A. Interestingly, at the exat separation where solute indues thelargest �utuation, z = 17.7 Å, a prominent bimodal distribution is observed, whihis onsistent with the view that at this position, there would be transitions betweena "wet" and "dry" region between the solute and the protein-water interfae. Figure5.12B shows the log probability of ∆ versus ∆, analogous to Figure 3C in Patel et al[236℄. The present probability distributions for the interfae position reapitulate theresults of Patel et al in a rather dramati fashion. This further speaks to the notionthat water near hydrophobi interfaes, even on the smaller sales of spei� regions ofbiomoleules, is poised lose to phase transitions, whih upon perturbation by externalpotentials (in this ase, a solute approahing the interfae and perturbing the solventdensity near the protein surfae as a onsequene of the nature of the solute's hydra-tion shell) undergoes a transition. This transition is now onsidered as an alternativesignature of the hydrophobi e�et.Finally, we onsider PMF's of single Gdm+ approahing a hydrophili regionon the protein surfae. Figure 5.15A shows the PMF pro�les of a single Gdm+ ap-proahing the hydrophili protein path with parallel orientation (red), perpendiular
y orientation (green) and perpendiular x orientation (blue). A slight free energy sta-bilization is observed in all the ases, whih may due to the eletrostati interationbetween -NH group of Gdm+ and side hain of hydrophili residues (like D25) on thepath as shown in Figure 5.13C. However, ompared with the free energy of Gdm+ with152
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most favorable parallel on�guration approahing the hydrophobi protein region (-3 ±0.15 kal/mol), the free energeti advantages from Gdm+ with all three on�gurationsapproahing the hydrophili path are quite small (around -0.5 ± 0.15 kal/mol). Fur-thermore, all three on�gurations show little to no di�erene in free energy suggestingthat the orientational preferene of Gdm+ around ertain types of surfaes is highlydependent on the e�etive hydrophobiity of the region, with signi�ant orientationalpreferene of Gdm+ ourring around the more hydrophobi surfae regions. Further-more, the indued interfaial �utuation pro�les of single Gdm+ with these distintorientations approahing this hydrophili region are shown in Figure 5.15B. Previouslywe have reported that for the protein in pure water regions with di�erent hydropho-biity will display dissimilar inherent interfae height �utuations. [169℄ The largermagnitude of �utuations are related to the malleable nature of the water and faileavity formation around hydrophobi pathes. [28℄ When Gdm+ is loated far fromthe path, in all three ases, an inherent �utuation value of 0.07 Å2 is deteted, whihis lower ompared with the inherent �utuation value around hydrophobi protein re-gion 0.18 Å2. As Gdm+ moves loser to the hydrophili interfae, both parallel andperpendiular orientation have inappreiable e�et on hydrophili interfaial �utua-tions. Although parallel on�guration may indue a little larger �utuation omparedwith the perpendiular one, the di�erene is quite small, around 0.02 Å2. Suh neg-ligible di�erenes in induing �utuations among these on�gurations orresponds tothe marginal di�erenes of free energies around hydrophili interfae.5.4 Summary and ConlusionsIn this artile, we ontinue to explore and demonstrate a onnetion betweeninterfaial stability and indued interfaial �utuations as interfaially-stable solutesapproah ostensibly hydrophobi aqueous-hydrophobe interfaes. The ontext in whihwe onsider the present work is relevant for disussion of the nature of diret hem-ial interations between typial hemial denaturants of proteins, Gdm+ and urea,
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Figure 5.13: (A) Gdm+ with perpendiular y orientation (orange) around the hy-drophobi protein path (B) Gdm+ with perpendiular x orientation(orange) around the hydrophobi protein path, residue I22 and L63are shown in green (C) Gdm+ with perpendiular y orientation (or-ange) around the hydrophili protein path, residues D25 is shown ingreen.
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spei�ally at hydrophobi regions of a model protein, HFBII. Our alulations of po-tentials of mean fore indiate that Gdm+ and urea exhibit non-trivial stability at theaqueous-hydrophobe interfae as indiated by Figure 5.7 of this paper. Furthermore,we observe a riher subdivision of the ontributions to the total free energy arisingfrom two relative orientations of the solute that we have hosen to study, the par-allel and perpendiular orientations as de�ned relative to the surfae of the protein.Though the protein surfae is not quite parallel to the axis hosen as our order pa-rameter for alulations of potentials of mean fore, the seleted de�nitions, we feel,su�e for the urrent purposes. With respet to the orientation-free energy orrelation,our alulations indiate that the orientations of both solutes in whih the solute isparallel to the interfae are assoiated with stronger free energy minima ompared toon�gurations where the solutes approah in a perpendiular orientation. These twoorientations appear to envelope the total free energy pro�les (though we annot saywith ertainty what ontributions intermediate orientations would o�er; however westress that in this study, our aim is to demonstrate the self-onsisteny of the free en-ergy pro�les omputed via the potentials of mean fore with the orientation probabilitydensities determined from free, solute-unrestrained MD simulations of the solutes insolution with the protein). Furthermore, we �nd that the orrelative behavior betweensolute orientation and free energy stability (using the urrent fore �eld ombinationsfor water, solute, protein, and ions) mimis that observed at the aqueous liquid-vaporinterfae (Figure 5.2 and 5.4, probability distribution maps). Our results for boththe protein-water interfae and the pure liquid-vapor interfae are in agreement withprevious studies. [86, 87℄Reent simulations have highlighted the unique nature of hydrophobi interfaesas it relates to the �utuations indued in solvent density viinal to the interfae (referto Garde et al.'s work [36, 237℄). Complementary studies have illuminated the �utua-tions of aqueous-hydrophobe interfaes as simpler atomi speies (monovalent ions) andslightly more ompliated moleular speies approah suh interfaes. Both these ap-proahes ostensibly de�ne a further harateristi property assoiated with hydrophobi158



Figure 5.16: (A) Gdm+ number density map around HFBII protein (hydrophobiside). Blue represents higher number density, while red represents lowernumber density (B) Gdm+ number density map around HFBII protein(opposite side) (C) Representation of hydrophobi protein path of HF-BII with orange highlighting eah hydrophobi residues on the path.
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solutes (and perhaps the hydrophobi e�et in general). The present alulations indi-ate that assoiated with interfaial stability of the hosen hemial denaturants is anindued �utuation of the interfae upon approah of the solute to the interfae. Westress that the indued �utuations of the interfae formed between the hydrophobiregion of the protein and solvent our before the solute resides diretly at the inter-fae. This is an important detail, as it speaks to the somewhat long-ranged nature ofthe e�ets generated by ertain solutes prior to any diret interation being realized.That solutes an a�et an interfae from a distane is a subtle though non-negligiblee�et we suggest. Moreover, the present results suggest that denaturant orientationsthat are parallel to the interfae (vis-a-vis, display interfaial stability) are the ori-entations that indue the largest �utuations of the interfae (and hene the solventdensity). The relation between solute orientation and indued �utuations is relatedto the nature of the solvation shells of the solute presented towards the interfae uponapproah of the solute. In the ase of Gdm+ approahing the interfae in a parallelorientation, the solvation shell presented is a more �malleable" one, where the solventis more labile and free to rearrange. This leads to greater solvent density �utuationsand hene, higher interfaial indued �utuations. In the ase of the perpendiularorientations of Gdm+ and urea, the tighter hydrogen bonding patterns of water (asdemonstrated in previous studies[233℄ reate a more rigid, well-de�ned solvation shellthat is not easily disrupted. This translates to lower solvent density �utuations, andhene lower indued �utuations (or even suppression of interfaial �utuations). Thepresent results are thus onsistent with reent work and provides yet another exampleof the relation of hydrophobi e�et, solvent �utuations, and interfaial stability. Thisrelationship appears to be ommon aross a series of atomi and moleular speies, aswell as enompassing harged, polar, and non-polar harateristis of the solutes on-sidered. These observations suggest that moleular ions, suh as Gdm+, as well aspolar moleules with heterogeneous harge distributions (at least in the ontext of em-pirial moleular mehanis fore �elds) inherently have built into them regions of high
160



and low harge density. The dependene of loal solvation struture on this hetero-geneous (or asymmetri) harge density is to a large extent involved in determiningthe propensities of the modalities involved in spei� assoiation of moleules withspei� types of interfaes. Observations based on lassial simulations as well as re-ent DFT-based alulations [238℄ thus suggest an intriguing fundamental underlyingtheme. These ideas all for further study regarding spei� details about the natureof the relationship between �utuations, degree of solute hydrophobiity, solute solva-tion/hydration shell properties, and interfaial stability. Finally, Figure 5.16 shows thenumber density of Gdm+ moleules in the viinity of the anonial hydrophobi regionof HFBII as well as on the side opposite to this hydrophobi path (the opposite sidenot being hydrophobi to any signi�ant extent). Our analysis of simulation data from1M Gdm+ solutions with no restraints demonstrates a propensity for the Gdm+ to thehydrophobi region. This is onsistent with the analyses presented in this work.
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Chapter 6A BIOCHEMICAL MODEL FOR BINDING MEDIATED BYHYDROPHOBIC INTERACTION - ASSOCIATION BETWEENUBIQUTIN AND UBIQUITIN BINDING DOMAINSReprodued with permission from Di Cui, Shuhing Ou, Sandeep Patel. �FreeEnergetis of Rigid Body Assoiation of Ubiquitin Binding Domains: A Biohemi-al Model for Binding Mediated by Hydrophobi Interation." Proteins: Struture,Funtion, and Bioinformatis. 2014,82 (7), 1453-1468. Copyright © 2014, WileyPeriodials In.6.1 IntrodutionWeak intermoleular interations underlie numerous moleular reognition proesses;[239,240℄ these an involve nonovalent assoiation of two speies (i.e., protein and ligand,protein and protein) with a wide range of spei�ity. Reent studies have explored thee�ets of weak intermoleular assoiation suh as hydrogen bonding and hydrophobiinterations and their role in stabilizing ligands at protein surfaes.[162℄ The role ofhydrogen bonding in assoiation proesses has been extensively studied. [241℄ However,the eluidation of a general desription of hydrophobi interations between protein andligand has proven elusive; it is still poorly understood how assoiation is mediated byhydrophobi interations in terms of spei�ity and a�nity. There is general agreementthat the ontribution of hydrophobiity to reognition of protein to small (moleular)and large (protein) ligands is an important and relevant fator.[242℄ Although theimportane of hydrophobi interations in the binding proess is well-appreiated, itis often assumed that this ontribution is nonspei� ompared to hydrogen bondingwhih onfers spei�ity to protein-ligand assoiation as a onsequene of the inher-ent diretionality of hydrogen bonds. However, reent investigation of strutures of162



protein-ligand omplexes has enabled the reevaluation of the role of hydrophobi inter-ations in helping to de�ne spei�ity of reognition. [243℄ A major issue onerninghydrophobi mediated binding proesses is the driving fore for protein-ligand inter-ation. A lassial view of the harateristi thermodynami signature of hydrophobiassoiation is one of an entropy-driven proess.[15, 91, 89℄ That is, the overall sta-bilizing ontribution to the omplexed state is an inrease in total entropy (the ori-gins of whih generally are assoiated with the release of water degrees of freedomupon assoiation, thus allowing more on�gurational states). In ontrast, assoiationbetween hydrophili binding pokets and hydrophili binding ligands is generally re-garded as enthalpy-driven. A good model serving for interations between hydrophililigands and hydrophili binding pokets is galatose binding to Arabinose Binding Pro-tein (ABP). Isothermal titration alorimetri (ITC) experiments demonstrate that theinterations are enthalpy-driven with a hange of enthalpy about -95 kJ/mol. [90℄However, when it omes to the ase of assoiation proess between hydrophobi bind-ing path of protein and hydrophobi ligand, the observed underlying thermodynamisignatures are more ompliated and surprisingly broad. Investigation of nanosopihydrophobi assoiation [92, 94, 93℄ has shown that the proess is highly entropiallyfavorable; assoiation of model hydrophobi surfaes, solutes, and (bio)maromoleulesnear hydrophobi surfaes have been extensively explored using moleular simulationsproviding a general piture of the entropy-driven assoiation proesses in these modelsystems. The explanation for this is that hydrophobi solute will disrupt the strutureof bulk water and sine it is inapable of hydrogen bonding with water, water-waterhydrogen bonds are reoriented along suh a surfae in order to minimize disruption ofthe three-dimensional hydrogen bonded network of water moleules. This leads to astrutured water age around the hydrophobe surfae, the lassial Frank and Evansmodel.[8℄ The propensity of water moleules to predominantly adopt a subset of on-�gurations to maximize interation leads to signi�ant loss of on�gurational entropyof water moleules. Suh unfavorable e�ets an be minimized if hydrophobe moleulesaggregate. Upon aggregation, water moleules form one larger age surrounding the163



hydrophobi aggregate and the surfae area of suh aggregate is smaller than the sumof surfae areas of individual solutes. This makes the entropi ontribution less un-favorable and, hene, makes the free energy more favorable. If this mehanism wasthe sole driving fore for protein assoiations, all binding events involving hydrophobibinding partners would be entropy-driven. This is not the ase. Reent experimenthas investigated the binding proess of nonpolar ligand to the poorly solvated poketof the mouse major urinary protein-1(MUP-1). [96, 97, 98℄ Despite the apparent hy-drophobi harater of the binding partners, ITC data indiated that the binding wasenthalpy-driven and aompanied by an unfavorable entropy hange. The authors sug-gest that by virtue of poor solvation of the binding poket, protein-ligand interations(dispersion) arising from omplexation ompensate favorably any interations lost be-tween binding-site residues and solvent prior to the assoiation. In stark ontrast, thebinding of a series of hydrophobially modi�ed benzamidinium hloride inhibitors totrypsin, whih has a well-solvated binding site, is strongly entropy driven at a numberof temperatures. [99℄ It suggests that the harateristi thermodynami signature ofhydrophobi assoiation in solution will depend on the degree of solvation of the bind-ing poket. Moleular dynamis simulation study has been applied to investigate theenthalpy driven hydrophobi assoiation by Setny. [100℄ A model for nonpolar avity-ligand assoiation is used in their moleular dynamis simulation. Thermodynamiontributions, inluding free energy, entropy and enthalpy along the binding oordi-nate have been investigated. The results show that the favorable driving fore forthis proess is from enthalpy hange among the release of water moleules from the hy-drophobi environment to the bulk water. Although there are some ontroversial issueslike the origin of the unfavorable entropi omponent for the hydrophobi assoiationproess, it is generally aepted that the enthalpy driven hydrophobi assoiation usu-ally involves the reeptor protein that has poorly solvated binding sites. These poorlysolvated binding sites harbor water that is termed �disorganized�; this re�ets the no-tion that the water is not able to reoup energetially favorable water-water interationsvia su�ient orientational restrition. More importantly, the above experimental and164



simulation results suggest that the underlying signatures of hydrophobi interations(mediated through the assoiation via regions of maromoleules anonially labelledas �hydrophobi�) are by no means absolute and generally observed.In part, a goal of this study is to extend the analysis and disussion of un-derlying signatures of the hydrophobi assoiation in a system widely onsidered tobe dominated by hydrophobi interations, the ubiquitin interation with a partiularbinding partner, UIM. MD simulations were performed to study the binding proessbetween ubiquitin and its binding partner - ubiquitin interating motif (UIM). It hasbeen extensively haraterized so far that ubiquitin binds to di�erent kinds of UIMdomains through one partiular hydrophobi path/region that inludes residues L8-I44-H68-V70. [244, 245, 246℄ The binding domain we investigated is UIM of Vps27,whih adopts a helial onformation. The helix is markedly amphiphili with a hy-drophobi stripe along one side whih interats with the omplementary hydrophobiLeu8-Ile44-Val70 region of ubiquitin. [247℄ Mutation of the seleted residues on bothubiquitin [170℄ and UIM [248℄ have suggested that these regions are involved intimatelyin the binding interfae. Based on these observations, we onsider that hydrophobiinterations may play a role in mediating the assoiation proess between the ubiq-uitin and UIM. Our aim presently is to investigate the thermodynami signature ofthe assoiation of these two proteins via their hydrophobi regions. We aim to usemoleular dynamis simulations in onjuntion with free energy sampling methods toalulate the potential of mean fore (PMF) for reversible assoiation of the two pro-teins taken to be semi-rigid bodies. Arguments for onsidering a rigid-body proessare disussed in the Methods setion. We also propose to evaluate the in�uene ofhydration level around the binding path on the driving fore for assoiation. Weproeed to deompose the omputed reversible work (PMF), whih re�ets the freeenergy di�erene between the assoiated and dissoiated states of the protein-proteinomplex, into enthalpi and entropi omponents. Suh deomposition enjoys a longhistory in its appliation to the study of the thermodynamis of assoiation proessesin solution. We further explore the dependene of relative orientations of ubiquitin165



and the UIM domain on the potential of mean fore. These latter alulations alsoprovide indiation of the orrelative apability of urrent fore �eld methods to preditthe experimental struture of the bound omplex as a free energy minimum. This isin the spirit of reent studies using oarse-grained Martini protein-lipid-solvent modelsthat have shown that the binding interfaes of G-protein oupled reeptors in modelbilayers are assoiated with global free energy minima with respet to orientations ofthe two proteins taken as rigid bodies[249℄.6.2 Materials and Methods6.2.1 Simulation DetailsMoleular dynamis simulations were performed with NAMD, version 2.9b3,[184,185℄ using the CHARMM 22 all-atom fore �eld (Chemistry at Harvard moleular me-hanis) [186℄ with CMAP bakbone torsion orretion term.[187℄ Isothermal - isobariensemble (NPT) simulations were performed using a retangular ell with a box size60 Å × 60 Å × 100 Å as shown in Figure 6.1. A retangular system was seletedin order to probe the assoiation along a distane between the enters of mass of theprotein and binding domain, while minimizing the omputational overhead involved inomputing interation fores between more waters inluded in a larger ubi box. [250℄The initial strutures of the omplexes were onstruted using CHARMM-GUI. [189℄The ubiquitin-UIM omplex with PDB ode 1Q0W was plaed in the enter of the box,surrounded by 10738 TIP3P model[190℄ water moleule and 3 K+, whih are used toneutralize the -3e harge of the UIM. Potentials of mean fore (to be disussed furtherbelow) were omputed along a reation oordinate de�ned as the distane between theenters of mass of the two assoiating proteins. The larger ubiquitin was biased toremain in a single orientation and its enter of mass at a spei� position, hosen as(x=0 Å, y=0 Å, z= 0 Å) via the use of strong restraining potentials. Using NAMD'solletive variable infrastruture, ubiquitin's enter of mass was restrained at (x=0 Å,y=0 Å, z=0 Å) using a fore onstant of 500 (kal/mol)/Å2, and its orientation was
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restrained about the NMR-based orientation using a harmoni restraint potential withfore onstant of 5000 (kal/mol)/Å2.The helial struture of the UIM was maintained by harmonially restrainingbakbone atoms with a fore onstant of 100 (kal/mol)/Å2. Sine we are only inter-ested in the potential of mean fore along one partiular path, we hose to maintain theUIM helix as more or less rigid as this freezes some of the orthogonal degrees of free-dom (orientational degrees of freedom for instane) and failitates onvergene alongthe hosen reation oordinate. Furthermore, experimentally, Nulear Overhauser Ef-fet (NOE) measurements indiate that the polypeptide bakbone within the helialregion is relatively onstrained ompared with other regions of the UIM. [170℄ Also,from moleular dynamis simulations of the free protein in solution, we observe thatthe helix bakbone RMSD is low as shown in Figure 6.2, re�eting this rigidity of thehelix relative to other �exible regions of the short peptide. We do aknowledge that thesimulation re�ets the bias for helial propensity introdued by the CMAP orretion;the fore �eld, over the time sales we are onerned with, nevertheless suggests a lowdrift from the experimental struture, and thus we laim this as su�ient to warranttreating the UIM helix as a rigid body for the purposes of this work.Temperature was maintained by Langevin bath at 300K, and the pressure waskept onstant by Langevin pressure ontrol at 1 atm. A swithing distane of 10 Å,non-bonded real-spae uto� of 12 Å and pairlist generation distane of 14 Å were usedfor the van der Waals interations, and the partile mesh Ewald (PME) method wasemployed for the alulation of onditionally-onvergent eletrostati interations.[191℄The grid size of PME in x dimension is 60, in y dimension is 60, and in z dimension is100 (as lose to a 1Å grid point separation as possible). The SHAKE algorithm [192℄was used to onstrain bond lengths involving hydrogen atoms and an integration timestep of 0.8 fs was used; this slightly lower time step is needed due to the PME updatefrequeny of every 4 steps we use; we have asertained that the use of this protooldoes not a�et the dynamis or energetis as the density of water in the bulk regions ofthe system are equivalent when using a more frequent PME update as shown in Figure167



Figure 6.1: Representative snapshots of the system used in the study (A) representa-tion of the hydrophobi side of the UIM helix. Non-polar residues, white;basi residues, blue; aidi residues, red; unharged hydrophili residues,green (B) representation of the hydrophili side of the UIM helix () rep-resentation of the ubiquitin and UIM binding. The distanes hange from15 Å to 34 Å. The orientations hange from -150◦ to 180◦.168
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exlude saled1-4 langevinPistonPeriod 501-4saling 1 langevinPistonDeay 25COMmotion no langevinPistonTemp 300zeroMomentum yes useFlexibleCell nodieletri 1.0 useGroupPressure yesswithing on ellBasisVetor1 60.00 0.00 0.00swithdist 10 ellBasisVetor2 0.00 60.00 0.00uto� 12 ellBasisVetor3 0.00 0.00 100.00pairlistdist 14 ellOrigin 0.00 0.00 0.00timestep 0.8 wrapAll onstepsperyle 20 PME yesnonbondedFreq 2 PMEGridSizeX 60fullEletFrequeny 4 PMEGridSizeY 60rigidBonds all PMEGridSizeZ 100langevin on onstraints onlangevinDamping 5 seletConstraints onlangevinTemp 300 seletonstrX onlangevinHydrogen o� seletonstrY onlangevinPiston on olvars onlangevinPistonTarget 1.01325 extraBonds onTable 6.1: NAMD input parameters for the simulations.6.3. We provide the NAMD input �le for our simulations in Table 6.1.6.2.2 Potential of Mean ForeIn order to determine the potential of mean fore (PMF) desribing the freeenergy of assoiation of ubiquitin and UIM, a reation oordinate de�ning this pseudo-hemial reation must be de�ned. Presently, we onsider a reation oordinate, ξ,de�ned as the Cartesian z omponent of the separation between the enter of massof the UIM and a dummy atom loated at the position (x=0, y=0, z=0); this pointoinides with the restrained enter of mass of the ubiquitin. In Figure 6.4,we showthe deviation of ubiquitin enter of mass from this point is su�iently small so as notto inur any systemati error in the potential of mean fore we ompute. We use adummy atom instead of the atual enter of mass of ubiquitin as a olletive variable
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width 1.0 Å along the positive z-diretion ranging from a separated to ontat state.The spans of the windows going from separated to ontat state (in Å) are: [34:35℄,[33:34℄, [32:33℄, [31:32℄, [30:31℄, [29:30℄, [28:29℄, [27:28℄, [26:27℄, [25:26℄, [24:25℄, [23:24℄,[22:23℄, [21:22℄, [20:21℄, [19:20℄, [18:19℄, [17:18℄, [16:17℄, [15:16℄. Fores are aumulatedin smaller bins of width 0.02 Å within eah window as per the ABF protool. Duringthe prodution free energy alulations, the ABF method introdues a biasing foreating on the UIM; the bias fore is equal in magnitude and opposite in sign to theatual mean fore on the UIM. The mean fore is an average over the preeding 500moleular dynamis steps.For the assoiation proess between ubiquitin and UIM, initially, we onsiderthe situation that UIM approahes the ubiquitin with the orientation from NMR de-termined struture. The starting strutures for eah ABF window are onstruted asfollows. Initial solution struture of UIM-ubiquitin omplex was arranged in a way thatthe enter of mass of ubiquitin and that of UIM are both loated on the z axis (x=0,y=0) and the relative position between the two proteins remains the same. Spei�ally,the enter of mass of the ubiquitin was loated at (0, 0, 0) and enter of mass of theUIM was loated at (0, 0, 15.25). Therefore, this initial struture was onsidered as theassoiated state window [15:16℄ of the ABF sampling oordinate. The starting oordi-nates of other windows were obtained by translating the UIM along the positive z axiswhile maintaining the position of ubiquitin the same (i.e., for window [16:17℄, oordi-nates of all the atoms of UIM transloating along z axis for 1 Å). We also onsider howthe binding PMF varies with the orientation of the UIM relative to the NMR-basedstruture orientation. We de�ne the NMR orientation of UIM in the solution strutureof the UIM-ubiquitin omplex as 0◦ orientation. Other orientations were generated asUIM was rotated along an axis taken as the line onneting the enter of mass of the�rst half of UIM helial region (inluding residues 4-12 in UIM) and the enter of massof the seond half of UIM helial region (inluding residues 13-20 in UIM). Coordinatesof all the atoms of UIM are rotated along this axis with the orresponding degree of30◦, 60◦, 90◦, 120◦, 150◦, 180◦, -30◦, -60◦, -90◦, -120◦ and -150◦ respetively. Positive173



Orientation (◦) Simulation T ime (ns)-150 30-120 30-90 42-60 50-30 420 5030 4660 4290 42120 42150 42180 38Table 6.2: Duration of the simulated trajetory of various orientations.angles orrespond to UIM rotated lokwise along the axis; negative angles orrespondto antilokwise rotation. Sine the bakbone atoms of UIM were restrained with alarge fore onstant as previously disussed, the desired orientations were maintainedduring the simulations. For eah window, we allowed at least 2ns of equilibration beforeonsidering the rest of simulation data as prodution data. Durations of the produtiontrajetory for di�erent orientations are reported in Table 6.2.6.3 Results and Disussion6.3.1 Free Energy, Enthalpy and Entropy ChangesWe �rst onsider potentials of mean fore, and spei�ally that of semi-rigidUIM, with 0◦ orientation, assoiating with ubiquitin as shown in Figure 6.6 (bluesolid line). The furthest right region represents the dissoiated state and the left siderepresents the region of the assoiated state. Unertainties in the free energy pro�leare determined as: [219℄
var[G(ξN)] ≈

N
∑

i=1

var[K∆ξz̄i] (6.1)
174



where var[G(ξN)] is the variane, z̄i is the mean position of z in the ith window, whihan be obtained from blok averages.[220℄ The standard deviation σ[G(ξN)] is then thesquare root of var[G(ξN)]. The obtained free energy pro�le is �at from d = 35 Å to d= 21 Å. At small separations, the PMF dereases monotonially, reahing a minimumat d = 15.75 Å; this position is the simulation-based ontat state. We note thatfrom the initial solution struture of the omplex, the separation between the enterof mass of ubiquitin and that of UIM is around 15.25 Å; the distane predited bythe ombination of fore �eld and simulation methodology agrees rather well to theNMR struture. After 50ns prodution of simulation, the free energy value at ontatstate is -16.20±0.51 kal/mol. To assess the onvergene of the free energy pro�le, weshow the time evolution of the free energy di�erene between ontat and separatedstates in Figure 6.5. We further note that in this relative orientation of ubiquitinand UIM, there appears to be no free energy barrier to assoiation; this is unlikeommon potentials of mean fore of model hydrophobi entities assoiating in purewater whih exhibit osillatory barriers in the free energy pro�le itself as water layersgradually evauate the region between hydrophobes.[253, 95℄ In prototypial modelsof hydrophobi assoiation, the barriers are related to enthalpi ontributions to thepotential of mean fore, analysis of whih we now turn to.We onsider deomposition of the total free energy into enthalpi and entropiomponents to assess the relative ontributions of these thermodynami quantities tothe overall assoiation proess. For a partiular ubiquitin-UIM separation d, totalsystem enthalpy relative to the separated state is omputed as the di�erene of theaverage potential energy of the dissoiated state (furthest separation studied) and thestate at the separation of interest. As the di�erene in the pressure-volume term islose to zero for our system, we approximate the enthalpy at a distane, d, relative tothe separated state as in Equation 6.2.
∆H(d) = H(d) − H(ddissociated) = ∆U(d) + ∆(PV ) ≈ ∆U(d) = U(d) − U(ddissociated)(6.2)
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Figure 6.5: Evolution of the free energy for di�erent orientations (A) 0◦ orientation(B) -30◦ orientation (C) -60◦ orientation (D) -90◦ orientation.
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where H(d) and U(d) denote the enthalpy and potential energy of the system at sep-aration d respetively.System entropy is extrated via −T∆S = ∆G−∆H . In Figure 6.6, the red dashline shows enthalpi omponent (∆H) as a funtion of separation, and the green dashline shows the entropi omponent (-T∆S). The unertainties of enthalpi omponentwere again obtained based on bloking method [220℄ and the unertainties of entropiomponent ould be derived from the summation of free energy and enthalpy varianes.Sine entropi omponent is derived from free energy and enthalpi omponent, it isnature to expet that in the range of d = 20 Å to d = 35 Å, where the free energypro�le is �at, the enthalpi omponent and the entropi omponent are omplementary.Within unertainty, both the enthalpi omponent and entropi omponent are zerofor the separated state from d = 28 Å to d = 35 Å. Sine the potential energy is a large,�utuating value, the variation of ∆H for d > 22 is di�ult to interpret. However,we note an observed substantial inrement of the enthalpi omponent whih is ashigh as +20 kal/mol at a separation between d = 20 Å and d = 22 Å. When theseparation is loser, enthalpi omponent remains positive in sign and �utuates abouta statistially di�erent mean value ompared to states with larger separation. Theenthalpy pro�le, taken at fae value, appears qualitatively similar to pro�les observedin assoiation of hydrophobi surfaes and solutes. In suh ases, as mentioned above,the emptying of the region between hydrophobes where water-water interations areexaggerated (more favorable than in bulk) in order to ompensate entropy loss, resultsin a net enthalpi destabilization upon hydrophobe assoiation. We will further explorethe behavior of water and details of the ontributions to the enthalpy hange furtherbelow. As expeted, system entropy inreases in the range of d = 20 Å to d = 22 Å andthe entropi omponent remains negative (favorable) at smaller separations. At theontat state, -T∆S = -26.70±1.62 kal/mol, whih is favorable for the assoiation.Ostensibly, this entropi stabilization intimates that release of water degrees of freedomas water evauates the inter-protein region su�iently ompensates any entropi lossesfrom protein modes that are lost upon binding. We will omment on these issues177
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further below.We note that di�erent ontributions of enthalpy and entropy to overall thermo-dynami stabilization of the omplex represents entropy-enthalpy ompensation, whihis a general harater of weak intermoleular interations in biologial systems. [254℄Presently, free energy stabilization of the ontat state in our model system arises fromthe entropi omponent. The favorable entropi ontribution is large enough to stabi-lize the assoiation proess even after ompensating the unfavorable enthalpi e�et.The result here apparently reapitulates the thermodynami signature for the lassi-al hydrophobi e�et mediated assoiation proess between two hydrophobi bindingpartners.[255, 99, 92, 93℄ Sine it is argued that the harateristi thermodynami sig-nature of hydrophobi assoiation in solution will depend on the degree of solvation ofthe binding region, the entropy-dominated assoiation proess between ubiquitin andUIM implies that the binding region of ubiquitin should be exposed on the protein sur-fae and an be fully solvated in the absene of binding partner. Relating diretly toprevious studies on the assoiation of nanosopi hydrophobi graphene plates in wa-ter, Choudhury et al[94℄ obtained the same thermodynami signature inluding highlyfavorable entropi ontribution at the ontat state (-460 kJ/mol) and the oppositeunfavorable enthalpi ontribution (250 kJ/mol). Interestingly, the entropi ompo-nent ontribution pro�les in both the ase of graphene plates assoiation and that ofubiquitin-UIM assoiation appear quite similar, exhibiting a virtually �at region atlarge separations and a sharp derease at smaller separations. The observed hanges ofthermodynami quantities are onneted with the hydration level around the solutes.When the two hydrophobes ontat one another, expulsion of water moleules fromthe intersolute region ours. The release of the strutured water into the bulk resultsin the inrement of entropy (derease in entropi omponent −T∆S). Simultaneously,the favorable interation energy arising from attrative interations between the soluteand water in the on�ned region is lost, whih aounts for the highly unfavorableenthalpi omponent.
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6.3.2 Interation Energies from Di�erent ComponentsWe address in further detail total system enthalpy along the separation dis-tane by deomposing it into ontributions from interations between spei� systemomponents, namely, protein (ubiquitin), domain (UIM), water and ounter ions (K+).We onsider four elements, protein-domain interations, domain-water interations,protein-water interations, and water-water interations as shown in Figure 6.7. PanelA and Panel B show the protein-water interation energy and domain-water inter-ation energy, respetively. Approahing the ontat state, both protein-water andUIM-water interations are lost, relative to the separated state, resulting in eah ofthese interation omponents ontributing large, unfavorable enthalpi ontributionsto the total free energy. The destabilizing ontributions result from desolvation of theprotein and domain in water as the UIM approahes ubiquitin, whih has also beenobserved previously in the ontext of protein-ligand assoiation. [255, 100℄ Panel Cshows water-water interation energy, and Panel D depits the interation energy ofprotein with domain. These two interation energy pro�les are quite similar, providinga stabilizing negative enthalpy of assoiation in opposition to the protein-water anddomain-water ases. The protein-domain interations are attrative, globally arisingfrom a ombination of polar, harged, and hydrophobi residues interating with oneanother; again, ostensibly, this appears muh like the hydrophobe-hydrophobe inter-ation energy observed in numerous past simulation studies. When the separation issmall enough (d = 15 Å), repulsive interations dominate, indiated by the slight in-rease in protein-domain interation energy at this region. Before the appearane of aglobal minimum at this region, there is another minimum between d = 22 Å and d =23 Å. This may relate to the favorable intermoleular eletrostati interation betweenside hains of negatively harged glutami aid residues at the N-terminus of the UIMand positively harged arginine residues on the surfae of ubiquitin as mentioned in theliterature. [170℄ Further evidene about this very spei� interation in this loalizedregion of the reation oordinate is shown in the Figure 6.8. At window [22:23℄, therelative orientation of ubiquitin and UIM allows the losest distane and most favorable180



interation between GLU 5 on the UIM and ARG 74 on the ubiquitin. In addition,interations involving GLU 3, GLU 5, GLU 6, GLU 7 and ARG 42, ARG 72, ARG 74also ome to bear as shown in Figure 6.8C. The importane of neighboring hydrophiliresidues annot be trivialized and we aknowledge that there is a ontribution fromthis type of residue, even in the present system. The importane of hydrophili inter-ations in protein-protein assoiation and folding proesses has been disussed deeplyin the reent literature by Ben-Naim[256, 257℄. Based on our omputational results,we an only go so far as to suggest the importane of hydrophili interations/residuesin the ubiquitin-UIM assoiation proess; it is lear that the stabilizing driving forefrom these interations is o�set by the other system omponents. This may or may notbe a onsequene of improper balane of interation energy sales in the fore �eldsused, and this ertainly warrants broader studies. The water-water interation om-ponent also ontributes favorably at the ontat state, whih arises from assoiationof the protein and domain, squeezing out the water and enhaning the water-water in-teration. Overall, the loss of water-protein and water-UIM interations dominate thedestabilizing ontributions to the enthalpy of assoiation; stabilizing, favorable water-water and protein-domain interations are insu�ient to ompensate the loss of formerinterations, at least in this system. Finally, we note that the interation energies areomputed using full PME energies; in Figure 6.9, we show that these energies are qual-itatively (and in most ases quantitatively) similar to energy values omputed usinglarge uto�s without PME.6.3.3 System Component Contributions to Potential of Mean ForeWe an now onnet enthalpy deomposition results from the previous subse-tion to how water-protein and protein-protein interations ontribute to the free energyvis-a-vis the potential of mean fore. By averaging the fore on the UIM from indi-vidual system omponents, suh as water, one an extrat the potential of mean foreontribution from that system omponent by integration of this average fore. This isa well-de�ned protool.[95, 258℄. As shown in Referene[258℄, the average fore along
181
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Figure 6.9: Comparison of interation energies between di�erent omponents usingPME and di�erent non-bonded uto� values (A) Protein-domain inter-ation energy (B) Domain-water interation energy (C) Protein-waterinteration energy.
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the reation oordinate is the di�erene between the fores on the two protein en-ters of mass projeted onto the reation oordinate of interest. Converting from theolletive variable reation oordinate (relative distane along z-axis between the twoenters of mass) to the absolute Cartesian z-oordinate, one obtains the relation thatthe omponent ontribution along the reation oordinate is simply the average foreon one member of the two proteins with the other onsidered being �xed at the originof the oordinate system; here we fous on the UIM domain. The potential of meanfore ontributions from the water, ubiquitin, ounter ions, and the UIM omplex itselfis expressed as:
∆W = −

∫

< Fion(ξ0) > dξ0 −
∫

< Fwat(ξ0) > dξ0 −
∫

< Fpro(ξ0) > dξ0 −
∫

< FUIM(ξ0) > dξ0(6.3)where Fion, Fwat, Fpro and FUIM denote as fores on the UIM domain arising fromounter ions, water, protein and domain itself. Among them, the prinipal ontribu-tions ome from protein and water, whih are shown in Figure 6.10. The error bars hereare omputed via the same method as for the total PMF. The ontribution from ubiq-uitin is largely negative and favorable for assoiation. The favorable protein-proteininterations between ubiquitin and the UIM indiated by the inreasingly negativerelative enthalpy behavior in Figure 6.7 are the overriding element sine assoiationentails loss of protein onformational, translational, and vibrational entropy, whihwill be addressed later in the Entropy Analysis of Protein subsetion. In ontrast,the water ontribution is repulsive and destabilizing. Relative to the separated state,the assoiated state laks inter-region water moleules, as these are expelled from thisregion. Consequently, the predominantly eletrostati attrative interations betweenpolar protein and water draw eah protein of the omplex away from one another, lead-ing to the destabilizing ontribution of water to the PMF. Equivalently, water-proteininterations are lost upon assoiation, giving rise to a destabilizing ontribution fromwater. Previously reported studies of the assoiation proesses between hydrophobi185
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Figure 6.10: PMF ontribution from (A) protein (B) water.speies, inluding arbon nanopartiles in water, [253, 259℄ graphene in water [94℄ andarbon nanotubes in water/aqueous ioni solutions, [95℄ have also demonstrated thisfeature, though in this ase the similarity originates from di�erent underlying physialinterations.6.3.4 Water DensitySine a disussion of hydrophobi assoiation impliates water, an analysis ofspatial distributions of water around solutes is warranted and relevant. Beause ofthe omplexity of the hemial and topographial ontext on protein surfaes, waterdistribution around them will be ompliated. A simpli�ed water number densitypro�le as a funtion of protein-protein separation only outlines the hydration alongone dimension, whih is insu�ient to depit the full piture. So instead of showing186



this in a general way, we deompose the water density distribution around the entireprotein, onsidering the water density "slie by slie" as we move from one protein'senter of mass to that of the binding partner. We de�ne a series of thin volume sliesperpendiular to the z axis along the positive z diretion as shown in Figure 6.11A. Eahslie S is de�ned by S = [z0, z0+dz]; thus the width is dz. A water moleule is ounted inthe slie if the z-omponent of the water oxygen atom is within the range. We set dz =0.5 Å and z0 as (0, 0.5, 1.0, 1.5, ..., 33.5, 34.0, 34.5) Å, so that 70 onseutive slies wereonstruted. The slie at z=0, for example, represents a slie through ubiquitin, and thedensity pro�le for this slie would show the ross-setional pro�le of water density. Foreah slie, a water oxygen number density map along x and y is onstruted as shown inFigure 6.11. Panel B depits the water density distribution map for window [32:33℄ with
z0 = 0 Å; this is essentially a ross-setion around ubiquitin. For omparison, PanelC shows the water density map around the UIM domain at z0 = 32 Å. The densityplotted is the loal water density normalized by the bulk value of 0.0334 −3. In regionsfar from the proteins, the Figures show density of 1, orresponding to the bulk value forTIP3P water. The existene of proteins (and solutes in general) a�ets water densityaround the solute, resulting an either lower or higher water density ompared withthat in bulk regions. Water moleules around these areas were regarded as hydrationwater. From a traditional point of view, these hydration water moleules are quiterigid, assoiating spei�ally with polar and harged residues on the protein surfae.[260℄ Reently, it has been argued that these water moleules may be more �exiblethan originally believed[261℄ and the struture and dynamis of water in the viinity ofbiomoleules has beome an open question.[262℄ Nevertheless, it is generally aeptedthat there is a di�erene in the properties of hydration and bulk water, as has beenindiated by both simulation [148℄ and experiment. [263℄ Therefore, the release ofthese hydration waters into the bulk region during the assoiation may be relevant tothe thermodynami signature of the binding event. In view of this, we ombine dataabout the position-dependent water density in the inter-protein region next, obtainingthe number of hydration water moleules in this region as a funtion of protein-protein187



separation. From the water density map of Figure 6.11B and C, water density at bulkregion orresponds to a value ranging from 0.8 to 1.2. Therefore, the total number ofinter-protein hydration water ould be obtained by integration of water density thatis lower than 0.8 or higher than 1.2 over the desired spae as domain approahing theubiquitin, whih is expressed in Equation 6.4 and Equation 6.5.
Nwater =
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0 0.8 ≤ ρ(x, y, z) ≤ 1.2

ρ(x, y, z) ρ(x, y, z) > 0.8 or ρ(x, y, z) < 1.2

(6.5)where ρ(x,y,z) is the water density at position (x,y,z); ρc(x, y, z) represents the or-responding hydration water density at this position; and Nwater is the inter-proteinhydration water number. Alternatively, to onsider only hydration waters, one ouldombine data from analysis of radial probabilities of water around the protein surfaeand onsider only water moleules within a ertain distane from, say, protein heavyatoms. For the qualitative arguments we pursue here, our approah appears su�ient.
Nwater was monitored as a funtion of distane in Figure 6.11D. As the proteins movetoward eah other from separated state, initially there is little relative variation in thenumber of hydration water, whih is indiative of a release of bulk-like water in themiddle of inter-protein region that is far away from eah protein at large separations.As the UIM domain omes near the protein, Nwater gradually dereases starting froma separation less than 22 Å, whih is an indiation of the beginning of hydration waterrelease. This separation distane oinides with the inrease of enthalpi omponentand derease of the entropi omponents as d < 22 Å in Figure 6.6. These trends are inagreement with the traditional explanations of hydrophobi interations whih is basedon the argument that there will be an entropi gain by expelling the hydration watermoleules from a more rigid environment whih is lose to the hydrophobi region tothe less-ordered bulk. However, in this ase, we observe that the release of hydrating
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waters, whih may be assoiating with the protein, also give rise to large stabilizingentropi fators, resulting, in a fashion similar to hydrophobi assoiation, to a freeenergy minimum. We aknowledge that this behavior may be dependent on spei�proteins and the nature of their binding interfaes; however, in this ase of a systemwidely held to assoiate via hydrophobi interations, the thermodynami signature,at a oarse resolution, appears very muh like that for true hydrophobi interation.6.3.5 Free Energetis and UIM Helix Orientation Relative to UbiquitinFurther exploration of free energetis of model, semi-rigid body assoiation be-tween ubiquitin and restrained UIM with di�erent orientations will be disussed in thissetion. Free energy pro�les are shown in Figure 6.12B, C, D and E. For eah orienta-tion, the pro�les are alulated by using the ABF approah. Several orientations of theUIM helix (relative to a single orientation of ubiquitin), inluding 0◦, -30◦, 30◦, -60◦, 60◦and -90◦, exhibit a PMF minimum. The experimental NMR orientation is assoiatedwith the largest PMF minimum; this is an interesting, though admittedly anedotaldemonstration of the surprising auray of modern fore �elds in reapitulating de-tailed moleular interations that de�ne protein-protein interations. Further similarstudies are warranted and ongoing. Furthermore, we observe no barriers to assoiationfor the NMR orientation, as disussed previously. Several non-native orientations areassoiated with slight barriers. Figure 6.12A shows a 3-dimensional representation ofthe individual PMF's. Interestingly, the present results show that the NMR strutureindeed is the most stable of the orientations probed. We summarized the outomesof ontat state distanes ξcontact, assoiation free energies ∆G and di�erenes of as-soiation free energies between eah orientation and 0◦ orientation ∆∆G in Table 6.3.For 0◦, -30◦, 30◦ and 60◦, ∆G is lower than -10 kal/mol and favorable. For 120◦,-120◦, 150◦, -150◦ and 180◦, ∆G is only around -1 kal/mol; with onsideration of theunertainty (around 0.5 kal/mol), we suggest that in atuality, there is no free energybene�t for the UIM assoiation with ubiquitin under these orientations. The dramatidi�erene in assoiation free energy is onsistent with the fat that the helix domain is
189



Figure 6.11: Water density distribution maps for a selet slie along the z diretion(A) representation of the selet slie to onsider water denstiy (B) waterdensity distribution map for z0 = 0 Å at window [32:33℄ (C) waterdensity distribution map for z0 = 32 Å at window [32:33℄. The densityis normalized suh that ρ = 1 orresponds to the bulk water density of0.0334 −3. 190



Orientation (◦) ξcontact (Å) ∆G (kal/mol) ∆∆G (kal/mol)0 15.75 -15.97(0.58) 030 16.99 -10.13 5.84-30 16.01 -13.03(0.62) 2.9460 16.75 -11.73 4.24-60 18.59 -6.13(0.55) 9.8490 15.49 -4.54 11.43-90 17.19 -5.22(0.61) 10.75120 18.51 -1.35 14.62-120 21.55 -1.05(0.66) 14.92150 21.99 -0.94 15.03-150 20.95 -1.03 14.94180 20.45 -1.22(0.52) 14.75Table 6.3: Assoiation free energies for ubiquitin with UIM at di�erent orientations.amphipathi, with a set of hydrophobi residues inluding L8, L9, A12, L13, L15 andL17 along one side. It is widely held that the hydrophobi residues form a prinipalbinding path, engaging the L8-I44-H68-V70 hydrophobi path of ubiquitin upon as-soiation. Figure 6.13 shows the relative positions of the pathes involved in bindingat 0◦ orientation (Panel A) and -120◦ orientation (Panel B). Lower assoiation freeenergy orresponds to the ase where two hydrophobi pathes fae eah other, andhigher assoiation free energy orresponds to the ase that they are faing away fromeah other. This is an indiation that a hydrophobi e�et, intimate and spei� inter-ation of urrently-de�ned hydrophobi moieties, is important for the ubiquitin-UIMassoiation.To further explore the free energeti di�erenes in assoiation with various orien-tations, deomposition of the total free energy into the enthalpi and entropi ompo-nents is required. The deomposition results are shown in Table 6.4. Where we observethe most negative (stabilizing) assoiation free energies, as with the 0◦ and -30◦ orien-tations, the entropi omponent is the dominant ontribution to the assoiation PMF,with a value around -25 kal/mol. In ontrast, the enthalpi omponent makes anunfavorable ontribution of about 10 kal/mol. The trend is reversed for the ases
191



Figure 6.12: Free energies of restrained UIM with di�erent orientations assoiationwith ubiquitin. (A) Mapping the free energies of assoiation at variousorientations and separations; (B),(C),(D),(E) Free energy pro�les for allthe orientations. For larity, red lines are shifted by 10 kal/mol; greenlines are shifted by 20 kal/mol.192



Figure 6.13: Representation of hydrophobi residues involved in ubiquitin-UIM bind-ing (A) UIM restrained at 0◦ orientation (B) UIM restrained at -120◦orientation. Color sheme: red, hydrophobi residues L8, I44, H68 andV70 on ubiquitin; blue, hydrophobi residues L8, I9, A12, I13, L15 onUIM.with less free energetially favorable orientations suh as -120◦ and 180◦ orientations.In these ases, the free energy advantage omes from the enthalpi ontribution, whihis slightly negative; orrespondingly, the entropi ontribution is slightly positive. Onesoure of the hange in thermodynami harater is related to di�erenes in hydropho-biity of the interfae of UIM at di�erent orientations. When the hydrophobi fae istoward the ubiquitin for assoiation, we observe the signature of an entropially-drivenproess; when the hydrophili fae is toward the ubiquitin, the signature hanges, withenthalpy having a major stabilization role. The preferred orientation for the UIM as-soiation is derived from the hydrophobi harater of the interfae; this is onsistentwith the idea ubiquitin assoiation with its binding domains, at least in the ase ofUIM, is hydrophobially mediated.
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Orientation (◦) ∆G (kal/mol) ∆H (kal/mol) −T∆S (kal/mol)0 −15.97(0.58) 10.72(2.80) −26.69(3.38)-30 −13.03(0.62) 10.88(2.60) −23.91(3.22)-60 −6.13(0.55) 10.08(2.78) −16.21(3.33)-90 −5.22(0.61) 18.78(3.64) −24.00(4.25)-120 −1.05(0.66) −2.98(3.70) 1.93(4.36)180 −1.22(0.52) −3.80(2.44) 2.58(2.96)Table 6.4: Enthalpi ontribution and entropi ontribution for di�erent orientations.6.3.6 Entropy Analysis of ProteinEntropy hange, ∆S, assoiated with protein-protein binding in aqueous solutionan be expressed as the sum of two terms, ontribution from solvent and ontributionfrom protein translational, vibrational, and onformational hanges. Considering sol-vent, there will be a derease of solvent aessible surfae area upon protein assoiation,resulting in release of on�ned solvent moleules to bulk. This ontributes favorably tothe total entropy of interation. For the protein ontribution, it is generally aeptedthat when two protein binding partners �merge� into one omplex, onformationaldegrees of freedom of proteins are lost, giving rise to unfavorable entropy hanges.However, it has also been mentioned that in some ases, one protein may inreasethe number of onformational degrees of freedom upon ligand binding. [264℄ Proteinsonformational entropy hange (∆ Sconf) an be derived by subtrating the free ubiq-uitin entropy (SP ) and free UIM domain entropy (SD) from the protein omplex (SC).For eah speies, the entropy an be further deomposed into translational, rotationaland vibrational ontributions. Among them, the most ompliated part is from thevibrational omponent. The vibrational entropy was omputed from independent freesimulations for protein, domain and omplex based on the quasiharmoni approxima-tion. [265℄ Quasiharmoni analysis alulates vibrational entropy based on snapshotsfrom a simulation trajetory. One problem is the onvergene of the vibrational entropybased on this approah, whih has been pointed out by Harris et al.[266℄ One way toimprove the onvergene arising from sampling issue is to extrapolate the entropy at
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in�nite simulation time by using a funtion as has been shown in Equation 6.6.
S(t) = S∞ − A

tn
(6.6)S(t) represents the vibrational entropy at simulation time t, S∞ denotes theextrapolated entropy at in�nite sampling time by �tting the parameters A and n. S(t)was obtained by analyzing the dynamis trajetory using the quasiharmoni methodin the VIBRAN module of CHARMM. Figure 6.14 shows the evolution of vibrationalentropy for the free proteins and omplex strutures. For larity, the �tted urve wasshifted up 2 units as shown by blue lines. The slopes of the �tted urves are loseto zero after 15ns; we onsider the S∞ in eah ase as the �nal vibrational entropyinvolved in the proess we are modeling. The �tted parameter values are shown inTable 6.5. Additionally, the translational and rotational entropies are omputed usingthe following equations.[267℄
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)3/2] (6.8)where m is the mass and Ix, Iy and Iz are the moments of inertia and σ is the sym-metry fator. The results of deoupled entropies from translational, rotational andvibrational ontributions of eah speies are listed in Table 6.6. Here, we onsidertwo omplex states, one orresponds to UIM with 0◦ in the omplex and another oneorresponds to the UIM with -30◦. Entropy hanges mostly derive from translationaland rotational parts, with a small (< 1 al/mol/K) ontribution from vibrational en-tropy hange. The unfavorable protein on�gurational entropy hanges (around -93al/mol/K) upon assoiation suggest that the release of water moleules during thebinding event provides a signi�ant amount of favorable entropy ontribution that issu�ient to ompensate the "freezing" of protein degrees of freedom upon binding.We also note that ∆∆ Sconf , whih is the di�erene between ∆Scom−30 and ∆Scom0,195



System S∞ (al/mol/K) A nomplex 0◦ 6.363(0.065) 3.235(0.052) 0.660(0.038)omplex -30◦ 6.637(0.103) 3.458(0.075) 0.564(0.042)UIM 2.010(0.040) 0.895(0.031) 0.445(0.042)ubiquitin 4.796(0.021) 2.225(0.023) 0.778(0.025)Table 6.5: Fitting onstants for entropy extrapolation. The numbers in the braketsrepresent asymptoti standard errors upon �tting.
System Stran(al/mol/K) Srot(al/mol/K) Svib(al/mol/K) Stotal(al/mol/K)omplex 0◦ 53.860 53.163(0.323) 6.363(0.065) 113.386(0.388)omplex -30◦ 53.860 53.129(0.475) 6.637(0.103) 113.626(0.578)UIM 49.700 46.005(1.214) 2.010(0.040) 97.715(1.254)ubiquitin 53.011 51.425(0.100) 4.796(0.021) 109.232(0.121)

∆Scom0 −48.851 −44.267(1.637) −0.443(0.126) −93.561(1.763)
∆Scom−30 −48.851 −44.301(1.789) −0.169(0.164) −93.321(1.953)Table 6.6: Deoupled entropies from translational, rotational and vibrational ontri-butions.is around 0.24 (al/mol/K). This results in a -0.072 (kal/mol) of on�gurational en-tropi omponent di�erene between the two orientations. Sine we use a rigid modelof domain in the simulation to evaluate the free energy di�erenes among various orien-tations in Table 6.3, the on�gurational entropi omponent di�erene is not inludedhere. For the free energy di�erene between 0◦ and -30◦ orientation, -0.072 (kal/mol)is a negligible value ompared with 2.94 (kal/mol) shown in Table 6.3. Thus, we havesome on�dene in omparing relative orientational free energetis based solely on thedata of ∆∆G value as disussed in the previous setion.6.4 ConlusionTo investigate the thermodynami signature of hydrophobi assoiation withinthe ontext of a biohemial system de�ned by ubiquitin and one of its many bindingpartners, UIM, widely onsidered to assoiated through predominantly hydrophobiinterations, we present alulations of the potential of mean fore for assoiation insolution using ABF sampling oupled with atomisti moleular dynamis simulations.196
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Figure 6.14: Evolution of vibrational entropy for (A) Ubiquitin-UIM omplex with 0◦orientation (B) Ubiquitin-UIM omplex with -30◦ orientation (C) UIM(D) Ubiquitin.
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We �nd that at a low resolution, the thermodynamis of assoiation of this system,treated as the binding of two semi-rigid bodies, exhibits harateristis of the anonialhydrophobi interation. There is a large entropi stabilization omponent to the over-all assoiation, with a onurrent destabilizing enthalpi ontribution. The entropiomponent originates from the release of hydration water moleules around the pro-teins. The enthalpi ontribution, though destabilizing in this system as in the aseof purely hydrophobi solutes, is a result of the loss of spei� protein-water intera-tions within the hydration shells. For purely hydrophobi solute systems, destabilizingenthalpi ontributions to assoiation free energy arise from the loss of strong water-water interations that arise due to the need for solvent struturing in the viinity ofthe hydrophobe. By omputing the density pro�le of hydration waters as a funtionof protein-protein separation, we �nd that the onset of entropi stabilization oinideswith the separation distane at whih signi�ant water release is observed. This isagain onsistent with a hydrophobi like proess, but the origins of the e�et are dif-ferent. Our results indiate that assoiation of ubiquitin and UIM along a reationoordinate representing rigid-body translation along the axis between enters of massof the two proteins is entropially dominated. This is onsistent with the e�etivebinding region (amino aids sequene Leu8-Ile44-Val70) being on the surfae of ubiq-uitin as opposed to being a buried site. The release of degrees of freedom assoiatedwith solvating waters in the viinity of the hydrophobi path of ubiquitin (and theUIM) gives rise to the anonial entropi signature of hydrophobi assoiation in thissystem. This is onsistent with literature reports indiating that well-solvated bindingsites/regions are involved with assoiation proesses with signatures of being entrop-ially dominated. We stress that for other senarios, this signature may be di�erent.For this reason, broader studies are warranted and ongoing. We �nally note that ourresults are somewhat in aord with reent experiments indiating that the assoiationof SUMO-1 with binding partners (RanBP2/Nup358)[268℄ is both entropially and en-thalpially driven. This is onsistent with the present observations from simulation inthat whereas the ubiquitin binding domain is predominantly loated on the surfae of198



the protein, the SUMO-1 binding domain is somewhat more buried; the interationdomain of SUMO-1 forms a groove dotted with aromati and hydrophobi residuesinluding histidine, isoleuine, tyrosine, phenylalanine, leuine, and valine. This wouldsuggest, in light of the experimental observations disussed in the Introdution thatshow how binding site hydration/solvation a�ets the dominant ontribution to thebinding proess (enthalpy versus entropy), that SUMO-1 would present an assoiationsignature that is intermediate between a system with a severely buried binding regionand a system with a purely surfae (highly solvent aessible) binding region. Sine oursystem, ubiquitin-UIM, is a surfae binding region omposed of a hydrophobi motif,that we obtain entropy as the dominant driving fore for assoiation is onsistent withthe several literature observations disussed[269℄.We further onsider the free energy of assoiation as a funtion of the relativeorientation of the UIM binding domain and �nd that the fore �eld based approahused here is able to reapitulate the global free energy stability of the experimentalNMR struture (within the onstraints of the semi-rigid modeling approah applied).It is remarkable that using suh a simple method allows us to observe that the NMRstruture is indeed assoiated with a free energy minimum as omputed by the fore�eld.

199



Chapter 7CONCLUSION7.1 Summary of Key ResultsThis dissertation disussed the approah to identify the e�etive hydrophobipath of single protein, whih ould serve as the indiation of the possible bindingsites for protein extensively involved in the hydrophobi assoiation. With the iden-ti�ed e�etive hydrophobi path, details were onsidered regarding the ion-spei�e�et around the hydrophobi surfae region. From a simple ase to more ompliatedase, my study further extended to the interations between e�etive hydrophobi pro-tein surfae and moleular ion Gdm+, then interations between e�etive hydrophobiprotein surfae and small peptide.Initially, a method that exploits water network perolation behavior in the �rstsolvation shell of small proteins in order to predit lusters of residues potentiallyinvolved in binding interations. The selet proteins in this study involving the hy-drophobi harateristis of binding intefaes. The e�etive hydrophobiity of a residuethat is ditated by the harater of neighboring residues as well as loal water wereevaluated in this study at the ritial hydration level. At the spei� hydration level,water moleules ould form the hydrogen-bonded water networks around the e�etivehydrophili region of the protein while leaving the e�etive hydrophobi region to beunovered. In order to identify suh a ritial hydration level, ubiquitin was applied asan example. A protool was developed by �nding the ritial hydration level where asingle distribution of the probability of largest luster transitions to a bimodal distri-bution. This point gives rise to a networked, spanning water luster whih e�etivelyseeks less hydrophobi regions of the protein surfae in order to maximize favorable
200



interations. In this ase, water number density around various residues on the proteinsurfae was omputed. Finally, single linkage lustering of the low hydrated residueswas applied to identify a struture ontinuous path. Compared our preditions ofbinding path residues to those from automated servers (SPPIDER, InterproSurf andmeta-PPISP). We �nd that the urrent method is ompetitive in terms of the aver-age auray 60% and the average overage 75% aross the series of proteins studied.Though simplisti in priniple and spirit, this method is able to predit with signi�antauray and overage the binding interation residues for a series of small proteins.Besides, these results are onsistent with previous studies that onsider water density�utuation based approahes for haraterizing loal hydrophobiity of protein surfaeregions.Further omputation of the free energetis assoiation of single Cl−/I− with thee�etive hydrophobi path region of protein reveals that I− displays a larger extentof interfaial stability ompared with Cl−. This is onsistent with the trend showingaround the liquid-vapor interfae region, whih indiates an inherent onnetion be-tween the ideally hydrophobi aqueous liquid-vapor interfae and a more somewhatmore realisti, and ertainly more omplex, aqueous protein hydrophobi interfae.Furthermore, we �nd that the more surfae stable I− indues signi�antly larger inter-fae �utuations on approah to the interfae ompared to the smaller, more harge-dense hloride. This is again in keeping with observations at the aqueous liquid-vaporinterfae. These behaviors approahing the hydrophobi interfae, are related to theoupling of loal hydration water in the viinity of the protein with the hydration wateraround the individual anions; spei�ally, the di�erential ability of the water environ-ments to ouple with one another in the ase of Cl− and I− leads to the spei�-ionbehavior as it is related to indued interfaial �utuations. Water moleules in thehydration shells of I− are shown to be more dynami and less persistent ompared tothose in proximity to Cl−. When approahing the interfaial region, oupling of loalsolvent around anions with solvent near the interfae leads to di�erent perturbationsof the interfae by the two anions, and thus di�erent ontributions to interfae height201



�utuations, and ultimately surfae stability via ontributions from interfaial entropyarising from surfae �utuations orrelations. Therefore, building upon the insightsgained from the previous study of spei� ion behaviors at aqueous liquid-vapor in-terfaes and urrent study of spei� ion behaviors at aqueous hydrophobi proteininterfae, we have presented here a disussion regarding the unique �utuation indu-ing properties of two anions for whih the degree of indued interfaial �utuationsorrelates with stability at the interfae. In another ase, as anion approahing hy-drophili interfae of the protein, we observe that both anions display similar behaviorsin terms of surfae stability and indued interfae �utuations. These di�erenes o�era view of the anions as having di�erent haraters in di�erent ontexts. Where strongloal interations are not dominant, as in the ase of hydrophobi surfaes that leadto higher �utuations in general, the anions tend to di�erentiate themselves based ontheir hydrophobiity; the large, less harge-dense I− has a higher propensity to asso-iate with hydrophobi regions due to its inherent higher hydrophobiity. The smaller,more harge-dense, less hydrophobi Cl− is not a stable at a hydrophobi interfae.Then we ontinue to explore and demonstrate a onnetion between interfaialstability and indued interfaial �utuations as denaturant solutes inluding Gdm+and urea approah ostensibly hydrophobi interfaes of protein HFBII. Partiularly,we onsidered the ontributions to the total free energy arising from two relative ori-entations of the solute, the parallel and perpendiular orientations as de�ned relativeto the surfae of the protein. For both Gdm+ and urea, the parallel on�gurationsare assoiated with stronger free energy minima ompared to on�gurations where thesolutes approah in perpendiular on�guration. Furthermore, there is a orrelativebehavior between solute orientation and free energy stability with surfae stable par-allel on�gurations induing larger extent of interfaial height �utuation omparedwith perpendiular on�gurations. This trends is also observed previously around theliquid-vapor interfae. The relation between solute orientation and indued �utua-tions is related to the nature of the solvation shells of the solute presented towards theinterfae upon approah of the solute. In the ase of Gdm+ approahing the interfae202



in a parallel orientation, the solvation shell presented is a more malleable one, wherethe solvent is more labile and free to rearrange like the harater around I−. Thisleads to greater solvent density �utuations and hene, higher interfaial indued �u-tuations. In the ase of the perpendiular orientations of Gdm+ and urea, the tighterhydrogen bonding patterns of water reate a more rigid, well-de�ned solvation shellthat is not easily disrupted similar to high harge-dense Cl−. This translates to lowersolvent density �utuations, and hene lower indued �utuations. The present resultsare thus onsistent with single anion behavior and provides yet another example ofthe relation of hydrophobi e�et, solvent �utuations, and interfaial stability. Thisrelationship appears to be ommon aross a series of atomi and moleular speies,as well as enompassing harged, polar, and non-polar harateristis of the solutesonsidered. These observations suggest that moleular ions, suh as Gdm+, as well aspolar moleules with heterogeneous harge distributions inherently have built into themregions of high and low harge density. The dependene of loal solvation strutureon this heterogeneous harge density is to a large extent involved in determining thepropensities of the modalities involved in spei� assoiation of moleules with spei�types of interfaes.In the last part of the dissertation, we are attempted to investigate the ther-modynami signature of hydrophobi assoiation within the ontext of a biohemialsystem de�ned by ubiquitin and one of its binding partners UIM. With appliation ofABF sampling approah, we omputed the potential of mean fore for assoiation in so-lution between the two proteins. We �nd that the thermodynamis of assoiation of thissystem, treated as the binding of two semi-rigid bodies, exhibits harateristis of theanonial hydrophobi interation. There is a large entropi stabilization omponentto the overall assoiation, with a onurrent destabilizing enthalpi ontribution. Theentropi omponent originates from the release of hydration water moleules aroundthe proteins. The enthalpi ontribution, though destabilizing in this system as inthe ase of purely hydrophobi solutes, is a result of the loss of spei� protein-waterinterations within the hydration shells. By omputing the density pro�le of hydration203



waters as a funtion of protein-protein separation, we �nd that the onset of entropistabilization oinides with the separation distane at whih signi�ant water releaseis observed. This is again onsistent with a hydrophobi like proess. Our results in-diate that assoiation of ubiquitin and UIM along a reation oordinate representingrigid-body translation along the axis between enters of mass of the two proteins isentropially dominated. This is onsistent with the e�etive binding region involvingresidues Leu8-Ile44-Val70 being on the surfae of ubiquitin. The release of degrees offreedom assoiated with solvating waters in the viinity of the hydrophobi path ofubiquitin and the UIM gives rise to the anonial entropi signature of hydrophobiassoiation in this system. All these results are onsistent with literature reports indi-ating that well-solvated binding sites/regions are involved with assoiation proesseswith signatures of being entropially dominated. We further onsider the free energyof assoiation as a funtion of the relative orientation of the UIM binding domain and�nd that the fore �eld based approah used here is able to reapitulate the global freeenergy stability of the experimental NMR struture. It is remarkable that using suh asimple method allows us to observe that the NMR struture is indeed assoiated witha free energy minimum as omputed by the fore �eld.7.2 Future WorkIn this dissertation, an approah was developed to identify the e�etive hy-drophobi path around the protein surfae based on the loal water number density.In this proess, a ritial hydration level at whih the water moleules display an obvi-ous distintion in the overage of e�etive hydrophobi region and e�etive hydrophiliregion has to be determined �rst. In our urrent approah, in order to determine theritial hydration level for eah protein, we atually explore the probability distribu-tion of the size of the largest hydrogen-bonded water network in the system in a rangeof unfully solvated hydration levels. Based on the distribution haraters, a ritialhydration level an be loated. In this proess, omparison and test are required inorder to determine the ritial hydration level for eah protein and several simulations
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with protein solvated in di�erent amount of water has to be performed. If an approahthat would diretly link the ritial hydration level with some properties an be iden-ti�ed, then essentially only one simulation with single protein solvated at the ritialhydration level was required.Therefore, the next step in our researh is to seek a property that ould di-retly point into the ritial hydration level. We would like to onsider the hemialpotential sine the binding ability of water moleules around the protein surfae essen-tially is determined by the hemial potential. With inreasing of the hydration levelaround the protein surfae, the average hemial potential around the protein surfaeshould be perturbed. Initially in a limited solvated ase, the e�etive hydrophili re-gion around protein surfae an not be fully overed. Therefore, with inreasing thehydration by adding the number of solvent moleules into the system, more e�etivehydrophili region around the protein surfae would be wetted. The favorable inter-ation between the water moleules and the e�etive hydrophili region around theprotein surfae resulting in a negative value of hemial potential. Overall, the averagehemial potential around the protein surfae should derease. As the hydration ov-erage go beyond the ritial hydration level, water moleules would over the e�etivehydrophobi region around protein surfae, whih results in an unfavorable interationbetween water moleules and the e�etive hydrophobi region around protein surfaeand the average hemial potential around the protein surfae should inrease. In thissense, at the ritial hydration level around the protein surfae, the average hemialpotential should display a minimum value. If this value ould be normalized in a waythat it is independent of the proteins we investigated, then suh a normalized value forhemial potential an serve as the riterion for judging the ritial hydration level forvarious types of proteins. Further, an analytial form between the normalized hemialpotential and the number of water moleules in a partiular solvated protein systemshould be established. With the riterion, the number of water moleules solvated theprotein orresponding to the ritial hydration level ould be omputed in this ase.From suh an approah, it avoids the simulations of hydrated proteins with di�erent205



number of water moleules in several systems. Besides, it ould de�ne the ritial hy-dration level in a mathemati rigorous way. In our previous approah, the protein wastotal frozen during the whole simulation in order to obtain the hydrogen-bonded wa-ter network distribution. With this proposed normalized hemial potential approah,hydrogen-bonded water network analysis ould be skipped and a total �exible proteinsimulation ondition an be realized.Besides using the water density to sale the e�etive hydrophobiity aroundthe protein surfae, it has been extensively disussed that �utuations of water densityaround the e�etive hydrophobi region and e�etive hydrophili region are quite di�er-ent. Around the e�etive hydrophobi region, the interation between water moleulesand the protein surfae is weaker. Therefore, the nature of hydration shells around hy-drophobi surfaes are softer and more �ikering than that of hydrophili ones, showinga larger extent of density �utuation. This enhaned �utuations are re�eted by thebroad probability distributions of water number density around hydrophobi surfaesompared with the bulk solution and hydrophili surfaes. Moreover, the enhaned den-sity �utuations around hydrophobi surfaes ould further be haraterized by moreompressible hydration shells and inreased avity formation. Instead of onsideringwater density �utuation, in this dissertation, we also onsidered the protein-solventinterfae height �utuations. A oarse-grain water density �eld was �rst onstrutedin spae, then the instaneous protein-solvent interfae an be identi�ed and the in-terfae height �utuations an be omputed. Although oneptually di�erent fromwater density �utuations, these studies re�et the similar trend that around e�etivehydrophobi region, it displays a larger extent of �utuation. From these studies, itsuggest that in a fully solvated protein system, based on the water density �utuation,it an show an obvious distintion around the e�etive hydrophobi region and e�e-tive hydrophili region. Although it is possible to sale the e�etive hydrophobiityaround the protein surfae in suh an approah, the fully hydrated ondition makesthis proess omputationally expensive. A mainly omputational ost in this proess
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arising from the omputation of the interations between water and water in bulk re-gions where the water moleules are not relevant for the onerned problem. In thissense, I propose a way to redue the omputational ost by replaing these irrelevantall-atom water with the oarse-grained water. Suh an adaptive resolution simulationapproah has been previously applied in a simulation of pure bulk water system. [270℄Usually, between the all-atom water region and the oarse-grain water region, there isa hybrid region where the interhange between all-atom water and oarse-grain waterwould happen. From suh an approah, around the protein surfae region, the watermoleules are taken into aount expliitly, whih ould give the detailed informationabout the density �utuation around di�erent regions on protein surfae to haraterizeits e�etive hydrophobiity. In the bulk region, where water moleules are not relevant,oarse-grained water are applied to redue the omputational ost.
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Appendix ACLUSTER ANALYSIS OF LOW-HYDRATED RESIDUES OF VARIOUSOF PROTEINS
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Figure A.1: Cluster analysis of low-hydrated residues of CUE domain
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Figure A.2: Cluster analysis of low-hydrated residues of UBA of DSK2
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Figure A.3: Cluster analysis of low-hydrated residues of GGA3 GAT domain
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Figure A.4: Cluster analysis of low-hydrated residues of UBA of Human BMSC-Ubp
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Figure A.5: Cluster analysis of low-hydrated residues of Ubl-domain of HHR23A
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Figure A.6: Cluster analysis of low-hydrated residues of Ubl-domain of HHR23B
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Figure A.7: Cluster analysis of low-hydrated residues of NEDD8
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Figure A.8: Cluster analysis of low-hydrated residues of Pinh-1 LIM4 domain
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Figure A.9: Cluster analysis of low-hydrated residues of Sla1 SH3-3 domain
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Figure A.10: Cluster analysis of low-hydrated residues of Nk-2 SH3 domain
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Figure A.11: Cluster analysis of low-hydrated residues of CIN85 SH3-3 domain
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Figure A.12: Cluster analysis of low-hydrated residues of Crk SH2 domain
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Figure A.13: Cluster analysis of low-hydrated residues of Abl SH3 domain
243



Figure A.14: Cluster analysis of low-hydrated residues of HPR
244



Appendix BPERMISSIONSPortions of this thesis are reprodued with permission from the following originalresearh artiles:Di Cui, Shuhing Ou, Sandeep Patel. �Protein-Spanning Water Networks and Impli-ations for Predition of Protein-Protein Interations Mediated through HydrophobiE�ets." Proteins: Struture, Funtion, and Bioinformatis. 2014,82 (12), 3312-3326.Copyright 2014, Wiley Periodials In.Di Cui, Shuhing Ou, Eri Peters, Sandeep Patel. �Ion-Spei� Indued Flutuationsand Free Energetis of Aqueous Protein Hydrophobi Interfaes: Towards Connet-ing to Spei�-Ion Behaviors at Aqueous Liquid-Vapor Interfaes."Journal of PhysialChemistry B. 2014,118 (17), 4490-4504. Copyright 2014, Amerian Chemial SoietyDi Cui, Shuhing Ou, Sandeep Patel. �Protein Denaturants at Aqueous-HydrophobiInterfaes: Self-Consistent Correlation between Indued Interfaial Flutuations andDenaturant Stability at the Interfae."Journal of Physial Chemistry B. 2015,119 (1),164-178. Copyright 2014, Amerian Chemial SoietyDi Cui, Shuhing Ou, Sandeep Patel. �Free Energetis of Rigid Body Assoiationof Ubiquitin Binding Domains: A Biohemial Model for Binding Mediated by Hy-drophobi Interation." Proteins: Struture, Funtion, and Bioinformatis. 2014,82(7), 1453-1468. Copyright 2014, Wiley Periodials In.
245


	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations and Constants
	Abstract
	1 Introduction and Motivation
	1.1 Introduction
	1.1.1 Hydrophobic Effect
	1.1.2 Protein Hydrophobicity
	1.1.3 Ion-Specificity around Protein Surface
	1.1.4 Denaturants around Protein Surface
	1.1.5 Protein-Protein Interactions Mediated by Hydrophobic Effect

	1.2 Objective

	2 Force Fields and Computational Methods
	2.1 Molecular Dynamics Simulation and Force Fields
	2.2 Radial Distribution Function
	2.3 Density Profiles
	2.4 Surface Tension
	2.5 Vapor Pressure
	2.6 Dipole Moment Profile
	2.7 Interfacial Potential
	2.8 Free Energy and Potential of Mean Force
	2.8.1 Adaptive Biasing Force
	2.8.2 Umbrella Sampling

	2.9 Instantaneous Protein Interface and Interface Fluctuations

	3 Evaluation of Effective Hydrophobicity around Protein Surface and Implications for Binding Patch through Hydrophobic Effects
	3.1 Introduction
	3.2 Materials and Method
	3.2.1 Selection of Proteins
	3.2.2 Simulation Details

	3.3 Results
	3.3.1 Water Networks around Ubiquitin
	3.3.2 Surface Water Density around Ubiquitin
	3.3.3 Cluster Analysis to Identify the Effective Hydrophobic Interface
	3.3.4 Another Example: HFBII
	3.3.5 Applications to Other Proteins

	3.4 Summary

	4 Ion-Specificity around Effective Hydrophobic Regions of Protein Surface
	4.1 Introduction
	4.2 Method
	4.2.1 Simulation Details
	4.2.1.1 Umbrella Sampling Potential of Mean Force Calculations: Ion Translocation Across Aqueous Liquid-vapor Interface
	4.2.1.2 Protein in KCl/KI Aqueous Solution
	4.2.1.3 Aqueous Protein Interfaces


	4.3 Result and Discussion
	4.3.1 Liquid-Vapor Interface
	4.3.2 Ion Distributions Around Protein in 1 Molal Aqueous Environment
	4.3.3 Potential of Mean Force
	4.3.4 Less Hydrophobic and Hydrophilic Protein Interface

	4.4 Summary and Conclusions

	5 Orientational Preference of Guanidinium Cation and Urea Denaturants around Effective Hydrophobic Regions of Protein Surface
	5.1 Introduction
	5.2 Method
	5.3 Result and Discussion
	5.3.1 Liquid-Vapor Interface
	5.3.2 Aqueous Protein Interface

	5.4 Summary and Conclusions

	6 A Biochemical Model for Binding Mediated by Hydrophobic Interaction - Association between Ubiqutin and Ubiquitin Binding Domains
	6.1 Introduction
	6.2 Materials and Methods
	6.2.1 Simulation Details
	6.2.2 Potential of Mean Force

	6.3 Results and Discussion
	6.3.1 Free Energy, Enthalpy and Entropy Changes
	6.3.2 Interaction Energies from Different Components
	6.3.3 System Component Contributions to Potential of Mean Force
	6.3.4 Water Density
	6.3.5 Free Energetics and UIM Helix Orientation Relative to Ubiquitin 
	6.3.6 Entropy Analysis of Protein

	6.4 Conclusion

	7 Conclusion
	7.1 Summary of Key Results
	7.2 Future Work

	Bibliography
	A Cluster Analysis of Low-hydrated Residues of Various of Proteins
	B Permissions

