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Abstract

Living cells are composed of a variety of biological macrdecales such as nu-
cleic acid, metabolites, proteins and cytoskeletal filaisies well as other parti-
cles. The fraction of the cellular interior volume that ikga by these biomolecules
is about 30%, leading to a highly crowded environment. Bilmtwles present in
an extremely dense environment inside a cell have a compléiféerent set of
kinetic and thermodynamic behavior than in a test tube [1-Hjerefore com-
prehending the effect of crowding conditions on biologicedlecules is crucial to
broad research fields such as biochemical, medical and pleatutical sciences.
Experimentally, we are able to mimic such crowded enviramsiewhich are of
more physiological relevance, by adding high concentnatiof synthetic macro-
molecules into uncrowded buffers.

Theoretically, very little attention has been paid to tHe&s of the dense cel-
lular cytoplasm on biological reactions. The purpose of thork is to investigate
analytically the effects of crowding agents on protein iiodgdand stability. We
present a new parameter as the measure of the polymer siid, wil substitute
the traditional measurements of the radius of gyration efgblymer,Rg, and the
end to end distance of a polymeric chaRye. Using this quantity we derive an
expression for the free energy of the polymer which can yésilgeneralized to
provide the free energy of a protein. This mechanism enalddas study the ef-
fect of crowding on folding and stability of a protein. Thalsilization effects of
the crowding particles depend on the concentration anditleeas the crowders
and also the type of the crowding particles that are presetitd system. In our
calculations the type of the crowders is controlled by thewpeetersy,, that is the
energetic parameter between the protein and surroundicgomalecules.



Preface

A version of chapter 4 and 5 is in preparation for publicati& Hadizadeh and
A. Linhananta and S. S. Plotkin, Physical Review E, 2010)([6]conducted all
the calculations, produced all the plots. The manuscrigtwugtten by me and Dr.
Steven Plotkin.

Chapter 6 is based on our study on the simulations of theteffeasmolytes
on protein folding which has been submitted for publicatidnLinhananta and S.
Hadizadeh and S. S. Plotkin, Biophys. J., 2020 ([7]). Theusanpt was origi-
nally drafted by Apichart Linhananta and Dr. Steven Platliiithough the theory
and simulations of this work have been progressing in praily contribution to
this manuscript is primarily in the general discussionsualize choice of the prob-
lems that need to be simulated and the initial design of tmeilsition in order to
have a reasonable harmony between my theoretical catmsasind Dr. Apichart
Linhananta’s simulations, and | also wrote parts of the. tdritially there was
a theory section in the manuscript with a few of my resultsdomparison, but
we decided to move that section into the second manuscéiptt{ present these
two aspects of the problem (theory and simulations) seggratherefore most of
the plots that are currently presented in chapter 6 are peatiby Dr. Apichart
Linhananta and Dr. Steven Plotkin.



Table of Contents

Abstract . . . . i
Preface . . . . . . i
Tableof Contents . . . . . . . . . ... .. iv
Listof Tables . . . . . . . . . . . . . e Vil
Listof Figures . . . . . . . . . . . . e Viii
Acknowledgments . . . . . . ... .. X
1 Introduction . ... ... ... . ... ... 1
2 Biological Motivations . . ... ... ... L o 14

2.1 Reverse Proteolysis . . . . .. .. ... .. .. .. .

2.2 Formation of Rod-like Protein Aggregates (Parkins@isease) . 16
2.3 High Stability of the Crystallin Proteins in the Lens bétEye . . 17

2.4 Assembly of Cell Division Protein FtsZ into One-monor&ick
Ribbons . . . . . . . ... .

2.5 The Effect of Macromolecular Crowding on Signal Trarctatun
and Metabolite Channeling . . . . .. ... ... ... ......

18

20

2.6 Enhancement of Thermal Stability of Rabbit Muscle GrealKinase 21
2.7 Molecular Crowding Effect on an AlzheimeBamyloid Peptide | 22

2.8 Effect of Macromolecular Crowding Agents on HIV Type 1Sk
Protein Assembly . . . . . ... ... ... ... ... . ...



2.9 Molecular Crowding Creates an Essential EnvironmerttiFor-
mation of Stable G-quadruplexes in Long Double-stranded\DN 25

Previous Approachesand Contributions . . . .. ... .. ... .. 27
3.1 The Density Functional Model . . . ... ... ......... 27
3.2 The Gaussian Chain and Hard Sphere Model . . . . ... ... .. 31
3.2.1 Fundamental Measure Theory (FMT) . .. ... ... .. 36
3.3 The Radial Distribution Function Model . . . . .. ... . ... 37
3.4 The Chemical Potential Model . . . .. . ... ... ....... 42
Thermodynamicsof aPolymer . . . .. ... ... ... ....... 47
4.1 Measures and Statistics of Polymer Size . . . .. ... ... .. a7
4.1.1 Self-Avoiding RandomWalk . . . ... .. ........ 48
4.1.2 Off-lattice SAWs from Discontinuous Molecular Dynam
ics Simulations . . . .. ... 51
4.2 Thermodynamics ofaPolymer . . . . . ... ... ... .....L 58
4.2.1 The Effect of Osmolytes on the Thermodynamics of aPoly
MEr . . . e 61
The Effect of Osmalyteson Protein Folding . . . . .. ... ... .. 6
5.1 Interactive Osmolytes . . . . . . . . .. .. ... .. ... 74
Discontinuous Molecular Dynamics Simulations . . . . .. ... .. 7€
6.1 Free Energy and Entropy Functional . . . ... ... ....... 82
6.2 The Correspondence between Explicit and Implicit OgtedVlodels 83
6.3 Results. . . . . ... . . 86
6.3.1 Simulations . . . . .. ... 86

6.3.2 A Hard-sphere Solvent Induces a Desolvation Bareer b
tween Native Contacts, but Decreases Folding Cooperativ-

ity Relative to the Implicit Solvent Model . . . . . .. .. 87
6.3.3 Effects of Osmolytes and Denaturants on Stabilityy-Po
mer Collapse, and Folding Cooperativity . . . . ... .. 89

6.3.4 Excluded Volume Stabilization Due to Hard Sphere &uly. 92



6.3.5 Calculation of the Free Energy, Enthalpy, and Entfoipsinges

for Osmolytes and Denaturants . . . . . ... ... ....
7 Concluson . ... ... 9
Bibliography . . . . . . . . ... . 108
Appendix: Discontinuous Molecular Dynamics . . . . ... .. ... .. 120

Vi



List of Tables

11

3.1
3.2

4.1

The volume of a few osmolytes in unitsAt. . . ... L. 4
Parameter sets of the phase diagram. . . . . .. ... .. .. .L @]
The range of validity of equation (3.21). . . . . ... ... ... 35

Values of parameterd, 8 and d for (a) end to end probability
distribution of an ideal random walk, (b) end to end prokgpil
distribution of an on-lattice SAW, (c) end to end probapililistri-
bution of an off-lattice SAW using the pivot algorithm, (d)dto
end probability distribution of an off-lattice SAW usingetimaive
growth algorithm, (e) probability distribution of the liaesize of
the polymer using DMD simulations (equaticn (4.5)), (f) wwole
probability distribution of the polymer using DMD simulatis in
equation (4.4) and (g) volume probability distribution bétpoly-
mer using equation (4.4) without the factor &f to best fit the
DMD simulations. . . . . . . ... ... 59

Vii

3



List of Figures

11

4.1

4.2
4.3
4.4

4.5
4.6
4.7

4.8
4.9
4.10
4.11

5.1
5.2
5.3
5.4

5.5

(9]

Three possible responses of organisms to osmotic datiymlr . .

A comparison of the end to end probability distributidren on-

lattice SAW. . . . . . . . 51
On lattice saw foN = 200 using the theory and pivot algorithm. . ' 52
The end to end distance probability distribution of atitmum SAW. 54
The comparison between different ways of measuringitieeo$ a

chain. . . . . . . 55
Molecular volumeVmg ) versus principal box volumerg,). . . . . 56
The effective diameter probability distribution of eDdter. . . . 57
Volume probability distribution of a (a) 50-mer, (b) 16¢r and

(€) 200-mer. . . . . . e 65
Volume probability distribution of a 50-mer, and the.fits . . . . 66

A schematic representation of the semi-grand canositeme. . = 66
Cumulative probability. . . . .. .. ... ... ... ....... 67
Free energy of a 50-mer with and without osmolytes ptese. . 63
The largest number of contacts per residue of a protein. . . . 71
Free energy of a coarse-grained protein with 50 amirdsaci . . 73
Free energy of a coarse-grained protein with 50 amirasacithe
presence of osmolytes. . . . .. .. ... ... . oL 74
The stability of a protein with 50 residues as a functibrg in
unitsof T. . . . . . . . 77
The heat capacity of a coarse-grained protein with SGamcids

in a box of crowding agents with packing fraction 30%. . . . . . 78

viii



6.1 A: Ground-state native structure of the all-at@m model of the
Trp-cage protein; B: Denatured (unfolded) Trp-cage in w&la-
tion; C: Folded Trp-cage in osmolyte solution. . . . . .. .. .. 87
6.2 (a) Reduced Heat capacit@*(= C/kg) versus reduced temper-
atureT* of Trp-cage. (b) Probability distributions of energy for

protein-protein plus protein-solvent interactions. . . . . . 83
6.3 (A)C* versusT* of Trp-cage. (B) Solvent quality temperatuF'e*I
versus solvent qualityefs) phase diagram. . . . . ... ... ... 90

6.4 (A) Radius of gyration of the unfolded states. (B) Coafpieity of
the folding transition. . . . . . .. .. .. ... ... .......

6.5 C* versusT* of plots Trp-cage for several solvent models.

6.6 (a) Free energy versus protein foldedness (b) Protégnnial en-
ergy (E) versusQ (c) Entropy ©) versusQ (d) Change in entropy
(AS) versusQ (e) Changes in enthalpy between osmolyte and neu-

tral solvent. . . . . . . . . ... 97



Acknowledgments

| feel most fortunate to have had the opportunity to study lmoéden my knowl-
edge in the University of British Columbia and to carry out dogtoral dissertation
at the Department of Physics and Astronomy.

The writing of this dissertation would not have been possibithout the help
and encouragement of many people. It is a great pleasuretéadcexny sincere
gratitude toward all of them.

First, | am highly indebted to my supervisor, Dr. Steven ik, as this
dissertation borrows from his help and effort. In particulavould like to thank
Dr. Plotkin for motivating me to be an independent researche

| am deeply gratefully to my PhD committee members, Dr. Andagziali,
Dr. Ariel Zhitnitsky and Dr. Joerg Rottler, excellent teack, whose support and
advise | have relied on during my PhD program.

| have enjoyed my collaboration with Dr. Apichart Linhareftom Lakehead
University and would like to acknowledge him for making theqess of writing
this dissertation a manageable task.

| appreciate the useful discussions | had with other memdfells. Plotkin’s
group, Christopher Yearwood, Erik Abrahamsson, Ali MotazzAlex Morriss-
Andrews, Will Guest, Sebastian Ohse, Alvin Cheung, GeneWwoPhilip Edgcumbe
and Miguel Garcia, in our weekly group meetings.

| would like to thank Dr. Janis McKenna for her help and suppspecially
for editing my thesis and for the encouraging and motivatjo@lance during the
discussions we had.

A special thanks goes to my husband, Kambiz Karbasi, foistsgi me in
typesetting, generating schematic plots and more imptythaing a main source



of hope and encouragement. Without his help the completighi® dissertation
would have been an unachievable goal.

At last but not least, | would like to express my heartfelt amdrlasting appre-
ciation to my parents and siblings for their endless love sugport. | especially
owe a great debt to my mother and father for sacrificing their @y and comfort,
and giving me moral support throughout all years of my stutipthing would
have ever been accomplished without their continuous loneemcouragement.
This dissertation is dedicated to my parents.

I would also like to thank NSERC for funding this project.

Xi



To my parents

Xii



Chapter 1

| ntroduction

St down before fact like a little child, and be prepared to give up
every preconceived notion. Follow humbly wherever and to whatever

abyss Nature leads, or you shall learn nothing. — Thomas Huxley
(1860)

The main property of the intercellular medium is to sustaligaid milieu for
macromolecules to assemble and function properly. Watieisnain constituent
of this environment and lack of it, or dehydration, is the on&jabitat stress. There
are two important factors that cause dehydration stressegoration of internal
water and osmosis into crowded aquatic environment. Osrdetiydration hap-
pens mostly in saline waters, for example in the oceans vdriethe earth’s largest
habitat, or as a result of the diseases that produce hightmscomcentrations, for
instance elevated blood glucose in diabetes, or in caseetifig.

When a mobile organism is threatened with dehydration, litl@edk for a new
environment. But if the organism cannot move, it may choaseaf the following
responses (figure 1.1). (a) the endangered cell may shrisgivedy and conse-
guently suffer from inhibited metabolic reactions and gifovates, and even death
in case of severe shrinkage. (b) normally in a multicellglganism, each cell can
sustain its own volume by accommodating organic partici@sganisms that use
this treatment are called osmoconformers and range froghesgelled archaea to
some tissues of mammals. (c) also a multicellular organisiied osmoregulator,
can employ special organs such as kidney to compensatedngeh in internal os-



motic pressure. Even in osmoregulators, the organ thasoresible for osmotic
regulation should itself survive high osmotic pressureol®ijists used to think of
mammals as osmoregulators, however it became evidenthetetheir renal cells
are exemplary osmoconformers. Osmoconformers are vergrian for survival,

because even in extremely dehydrating conditions when neadiamosmoregula-
tors fail to function properly, the cells in other organstsas brain and heart will
use osmoconformers.

Water-Stressed
Cell

Possible

P N

Shrink Accumulate Larger Organism
Osmolytes

Regulates Osmolality

.
¢

Figure 1.1: Three possible responses of organisms to osmotic dehgarati

The folding of a protein into its proper 3-D native structutiee assembly of
complexes containing several macromolecules and macewual reactions are
determined not only by the macromolecules’ amino acid secgiebut also by
the surrounding particles and solut2s 8, 9]. There are i@tyanf small organic
molecules that enable the cell to overcome various phystcasses by accumu-
lating to high concentrations inside cells to protect itingastressing conditions
while not perturbing the macromolecule’s function [10].€Bke molecules that sta-
bilize proteins from unfolding under high temperaturessiceation, or chemical
denaturants such as urea are called osmolytes [11].
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Organic osmolytes fall into four major chemical categaries

small carbohydrates including sugars (e.g. trehaloséyplso(glycerol, in-
ositols, sorbitol, etc.) and derivatives (suchoasethyl-inositol)

amino acids (glycine, proline, taurine, etc.) and derixegti(e.g. ectoine)

methylamines (such as TMAO (Trimethylamine N-oxide) angcijle be-

taine) and methylsulfonium solutes including dimethyfisabpropionate (DMSP)

e urea

We have calculated the molecular volume of a few osmolytésyumol-volume

softwar@ in Table 1.l. With an exception of urea which is found only @wf

types of animals’ organs, other categories of osmolytesvadespread in nature.
For example, glycine betaine occurs in every realm of lifeg ¢éaurine is used
vastly by marine animals and some mammalian organs. Cadbateyosmolytes
are found in archaea, fungi, algae, plants and mammaliamel&] and possibly
deep-sea invertebrates. Organs that tolerate or avoidifiggesuch as terrestrial
plants, insects, amphibians and some polar fishes usualgugars and polyols.
Moreover, there are many organs that use combinations oblgtamcategories,
for instance, the mammalian kidney uses the polyols myeiaband sorbitol,

the methylamines glycerophosphorylcholine (GPC) andigéybetaine, and the
amino acid taurine (the organ also has high urea as both & westluct and an
osmotic agent to concentrate the urine).

Biologists had noticed that when they isolate a biologjcalttive substance
such as an enzyme out of a cell, they have to add a high coatientof sucrose
or glycerol to the system to maintain the stabilization @ #ctivity. On the other
hand, for isolated enzymes and proteins, biochemists hswé high concentra-
tions of salts, most commonly ammonium sulfate, to keep théems functional
(basic solutes found in most cells have osmotic conceatraif about 306- 400

Imol-volume software is a program for calculating the maataTular volume by Alexander
Balaeff. The Theoretical Biophysics Group, Beckman Ingtit and The Board of Trustees of the
University of Illinois



Table 1.1: The volume of a few osmolytes in units Af.
osmolyte| volume
Urea 42.85
Betaine | 108.80
Sorbitol | 137.25
Taurine | 84.78
Glycine | 57.07
Glycerol | 73.41
TMAO 67.12

milliosmoles per liter). This process is called “saltingtfo[3]. In a similar manner,
researchers have known that adding concentrated urea widqehydrochloride
(GuaHCI) to the medium leads to the denaturation of prot@ngymes), that is
the loss of proteins’ biochemical activity by an uncoiliniitleeir native structure.

The effects of salts on protein’s activity and stabilizatican be explained in
terms of two opposing phenomena: (a) salting-in, that isvatdalt concentrations
the protein solubility increases because of the Debye-Eluslectric field screen-
ing? [12], and (b) salting-out at higher salt concentrationsthinlatter process, the
log of protein solubility depends linearly on the ionic sigégh with the slopeKg
which is called the salting-out constant.

On the other hand, researchers have observed that deriatstarh as urea
and GuaHClI, cause a protein to unfold by the direct intevactbinding) to the
protein molecules [2.3]. Tanford has done an extensive stndiie thermodynamic
mechanism of protein unfolding in the presence of urea oH&id14, 15]. He
showed that the unfolding process can be explained in tefitie@hanges in the
free energy of the native and denatured proteins when @ramngj from water to
a denaturant solution. These changes include the freeyenéigteraction of the
denaturants with protein groups that become exposed tersalypon unfolding.

Finally, the process of protein stabilization by compousdsh as sucrose and
glycerol, has been the focus of interest in many fields. Sistsnused to believe
that these substances protect the protein from unfoldinigimging a shell around

2The Debye-Huckel states that the ions in an electrolyte asereening effect on the electric
field from individual ions. The screening length is called thebye length and varies as the inverse
square root of the ionic strength.



the protein, however there was no experimental evidencet.foAround three
decades ago, with studies of both sucrose [16] and glyc&idlif became clear
that in the process of protein stabilization by some croggiarticles, the opposite
happens. That is, in fact these compounds are excluded frenmimediate zone
of protein in an environment enriched in water.

These three discussed phenomena may appear unrelatet] hofirsver; more
detailed studies revealed that they share one basic faetsdlkent denaturation,
native protein stabilization, and precipitation or sajtiout process, all happen in
the presence of high concentrations of the added compourel.ca¥ conclude
that the dominant interactions in these processes canendith strong nor spe-
cific, and in fact they should be categorized into the realnweékly interacting
systems. Systematic studies of interactions between Isohdiive proteins and
molecules that stabilize their structure, have shown tiathiree processes can be
formulated into the three-component thermodynamic thesith water being the
third constituent [1€-20]. What happens in all these preeess that the structure-
stabilizing, precipitating, and self-assembly-inducaggnts cause the protein to be
preferentially hydrated by being preferentially excludemin the protein domain
[21--23]. Denaturants such as urea act in the opposite watyistthey are preferen-
tially bound to proteins [24—26]. Both protein stabilizarsd denaturants belong to
a single class of molecules that affect the stabilizatioprofeins and ranges from
strong enhancers of the protein’s native structure to gtfmotein unfolders. In
the same manner, the way an agent affects solubility depamigison the balance
between the affinities of the protein for water and the addgha In the former
case, the protein has strong preference for water and irattes tase, for cosol-
vent. Therefore, in this kind of approach these various gsses follow unified
underlying principles and can be brought under one umbigllasing preferential
interactions. These principles have been vastly employethature to protect life
from freezing or osmotic shock. Amazingly, a small numbeiosimolyte types
suffice to supply such important purposes that certain margamisms, frogs, and
desert plants have used to protect themselves from extimcti

Thermodynamic principles that govern all of these phenarame based on
three related parameters and their changes during theecofiesreaction. These
parameters are:



1. The transfer free energy of the proteluy ¢, which is the change in the free
energy of the protein when transferred from pure water t@ts®lvent solution.

ALz = o (cosolvent) — Lo (water) (1.2)

wherep; = (P, T) + RT Ing; is the chemical potential of thiéh component with
g being the activity of componemt Moreover,a; = myy;, wherem is the molal
concentration ang is the activity coefficient of componentThe index 2 refers to
protein in the Scatchard notation of solution comporirsd water and cosolvent
are indicated as components 1 and 3 respectively [27].

2. The preferential interaction paramet@tz/dms) 1 p, = (I H3/ M) 1 b
which is the changes in the transfer free energy with cosblgencentration, and
provides a measure of the thermodynamic interactions. ,Thus

o [M™ O
A = (/0 0ms>T7p7m2dms (1.2)

3. The preferential binding parametédms/dnmy); p,,.. This is a measure of the
amount of osmolytes that needs to be added to (or removed ftwrsolvent to
restore thermodynamic equilibrium after we add the prateithe system.

<d_mg> _ (Op2/0mg)rpm, (1.3)
oM /1o (OU3/0Mg)1 pm,

There are two main categories of osmolytes. In the first cayeghe prefer-
ential exclusion is caused by factors that are not deperatetite chemical nature
of protein surface. That is, there is no interaction betwesmolytes and protein
and the protein only presents a surface to osmolytes. Ireit@nsl category, on the
other hand, the preferential exclusion is brought forthdmtdrs that are sensitive
to the chemical nature of the protein surface. In this cdsepsmolytes can dis-
tinguish particular chemical features of the protein steftnat they are interacting
with, either by attraction or repulsion. The first categayuled by two principal
constituents, steric exclusion and perturbation of théasarfree energy of water
by osmolytes. Steric exclusion which was first introducedKlayizmann [13], is

3Scatchard notation is named after George Scatchard, anidenahemist.



the result of the difference in size of the osmolyte and watelecules. When a
large osmolyte molecule is in contact with the protein, dlshéormed around the

protein which cannot be further penetrated by the osmqlytesin principle can

be occupied by the smaller (water) molecules. This resunlexcess water around
the protein surface which is thermodynamically interpiledis preferential hydra-
tion [28, 29]. Moreover, the protein is separated from tHeesu by an interface,

and changes to protein conformation cause perturbatioheirstirface tension or
the surface free energy of water. Gibbs has shown that ckdndke surface ten-
sion must cause changes in the concentration of osmolyti iprotein-solvent

interface [30]. The Gibbs Adsorption Isotherm is:

(0)
(o))" () L)
oM ) 1p, RT \dInaz /1 pm,

where$; is the surface of the protein amdis the surface tension. It can be pointed
out from equation (1 4) that the increase in the surfacdders water by an os-
molyte leads to its depletion from the surface layer. Sygemshydrophobic amino
acids, and most salts belong to the class of osmolytes thiaare the surface ten-
sion of water and therefore their concentration in the fatar is less than that in
the bulk solvent. This is translated to preferential hyidrgtwhich means that the
chemical potential perturbation is positive. The surfamgsion at the transition
temperature at any cosolvent concentrath»ﬁj, is given by:

ot = 0P + (cf—é) mg + (3—?) AT (1.5)
wherea?m is the surface tension at the transition temperature innaa@\Tp, is the
difference between the transition temperatures of a solv@ntaining osmolytes
with concentrationmz and in pure water. It is known that the surface tension of
water decreases as temperature increases. The expetistedias show that at
transition temperatur€l,,,, the changes in surface tension caused by the presence
of osmolytes are compensated by the changes that are caysee temperature
increase from transition temperature in water to transitsmperature in a solution
with sugar. In this caser, remains constant which means that when the interaction
between the protein and the osmolyte is dominated by theretial exclusion



resulting from nonspecific solvent properties, transiboours at a constant surface
free energy.

In the second category of preferential exclusion, the cbhaelmature of the
protein surface plays a major role in determining the irtgoas. In this case, the
exclusion is dominantly driven by the solvophobic effechioh causes preferen-
tial hydration in case of glycerol [17] and polyo's [31]. Ts&ucture of the poly-
ols allows them to form the proper hydrogen bonds that foktifiter interactions
[32]. As a result, the nonpolar residues of the proteins lhes®tendency to form
contacts with the polyol solution in comparison to that withter and therefore,
polyol molecules are pushed away from the surface of theeprofAn interesting
agent in the second category is MPD (2-methyl-2,4-peniahedhich is the most
popular chemical additive used for crystallization of bigital macromolecules),
which is strongly involved in electrostatic interactio/®8] and moves away from
the densely charged protein surface. Consequently, MPBesahigh value of the
preferential hydration and therefore is considered a goedijitant. This explains
the high efficiency of MPD in protein-crystallizidg34].

This analysis of preferential hydration enables us to éxlze reasons for a
class of preferentially excluded osmolytes to act as staid of the native proteins
whereas others are destabilizers. In case of a totally meifagpsource of prefer-
ential exclusion, the unfolding process will be only afestby an increase in the
interface which is the depletion zone, that results in are@se in the unfavorable
free energy of interaction. This is the case for sucrose afwrthe native protein
Aoy increases linearly with sugar concentration. The stabdieffects of glyc-
erol and polyols can be explained in a more or less similam®aiarin this case, the
interaction between nonpolar residues of the protein aaddgents is unfavorable
and since the number of these unfavorable sites on the prioigieases as it un-
folds, the preferential hydration increases as well. Tesults in the stabilization
of the native protein.

MPD however, has an opposite situation. Its interactiom witarges is repul-

4Proteins, can be prompted to form crystals when placed iafipeopriate conditions. In order to
crystallize a protein, the purified protein undergoes slogcipitation from an aqueous solution. As
a result, individual protein molecules align themselves iapeating series of unit cells by adopting a
consistent orientation. The crystalline lattice that ferisheld together by noncovalent interactions.



sive while there is a strong attraction between nonpoladues on proteins and
MPD [35]. The surface charge density of the unfolded proteitess than that
of the native protein, and therefore when the protein usfoMPD has a chance
to interact favorably with newly exposed nonpolar residstshilize the unfolded
structure. On the other hand, PEG (Polyethylene glycol)oif excluded non-

specifically from native proteins [23, 36, 37], and is stigngonpolar [33]. But

since both MPD and PEG are strongly excluded from the natig&eim, they are

excellent precipitants [36] and protein crystallizers,|[80].

The non-specific steric repulsion, also known as excludddnve effect, is
always present in cells. As R. John Ellis pointed out: “Crowdis similar to
gravity, it cannot be avoided and organisms have to cope itgittonsequences”.
Despite the fact that molecular crowding can in principleetfany biochemical
process that is associated with major reduction in excluddgme, biochemists
commonly investigate the properties of proteins in sohgiwith concentration of
110 g/liter or less, in which crowding effects are insigrafit. The kinetic and ther-
modynamic effects of crowding are so important that mangutations of folding
rates and stability done under uncrowded conditions ofekettibe are different
from those under crowded conditions in cellular environtadsy orders of mag-
nitude. There are numerous experimental studies with gicdd applications that
indicate the diversity and magnitude of the effect of osreslyj4.1--47].

Experimental measurements of protein folding rates andileda are mostly
done under idealized conditions where the effects of nariipénteractions be-
tween the protein under study and other macromoleculaicigpresent inside the
cell are minimized. However; the ideal dilute solution iffefient from biological
media in both the high concentration that a single macrocutdéemay have and in
the variety of crowder species that exist in the solvent.btr instance the con-
centration of RNA plus protein inside the cytoplasmEstoli is 340 g/liter [43].
Biologically this medium is referred to as crowded. Morepvbere usually ex-
ist some structural macromolecules such as microtubutésrmediate filaments,
membranous boundaries and F-actin that are soluble anckated as background
particle because they have no direct participation in lgicklly relevant reactions.

A general description of protecting and denaturing (uremalytes has been
proposed by Boler [49], by developing Tanford’s transferdeid14] to account
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for both protein side-chains and backbone. Essentiallys#imee thermodynamic
cycle approach has been applied to theories of proteinligatimn due to macro-
molecular crowding agents |50, 51], which focus on the exetlvolume (en-
tropic) aspects of the transfer process. In fact, the physidgins of protein or
polymer stabilization by steric osmolytes or crowders aseatially the same as
those leading to phase separation in colloidal suspensioado the addition of a
non-adsorbing polymer for examp e [52-54]. We hope in thiskwio unify some
of the concepts that have developed in parallel in the fidldsmolytes, crowding,
and colloidal systems.

Bolen’s approach results in a solvent quality paradigm tvklassifies solvents
as good or poor. In a poor solvent (solvophobic), proteiramblecular interac-
tions dominate, which favors a compact folded native stadé minimizes solvent
exposed protein surface area. In a good solvent (solvaphiliotein-solvent inter-
actions dominate, which favors an unfolded state that miagisnprotein-solvent
contacts. At the middle of the solvent quality scale is thetra solvent that fa-
vors neither native nor unfolded states. Water is a pooreswlfor proteins since
the effective water-protein interactions lead to the hptabic effects, one of the
major forces that fold proteins. Aqueous osmolytes and @sgierea solution are
poor and good solvents, respectively. The solvent quatitagigm has led to sev-
eral molecular free energy transfer models, which are phenological models
that utilize as input, experimentally measured changedia émergy of proteins on
transfer from pure water to aqueous osmolyte/urea soki|bf, 55]. A recent
study combines protein conformations from simulation @dt&o model with ex-
perimentally measured transfer free energy to infer thartbdynamic properties
of proteins in solutions of osmolytes and urez [57]. Thesfu@dicts that solution
of osmolyte and urea raises and lowers, respectively, tidenfptemperatures of
the proteins. Since free energy transfer models utilizeeanental data, the pre-
dicted enthalpy change due to osmolyte/urea should beatecluiowever, the free
energy transfer model does not take into account the sizel\adrsts, and may lead
to an incomplete description of the changes in protein cométional entropy due
to solvents. Excluded volume due to solvents can reducentioeiat of accessible
protein conformations, changing an unstructured unfolg®dein state to a more
compact native-like unfolded state, as observed in seegp@riments [56—60]. In
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addition, the binding of solvent to protein depends on the ef water, osmolytes
and urea, and therefore the solvent size must be includé@arndtical calculations
and MD simulations to fully assess the enthalpy change dselt@nts.

In chapter 2, we review a few biological applications of vokiexclusion ef-
fects to indicate the diversity and magnitude of the effécisonolytes. Itis evident
from the observations reported in this section that mactecutar crowdingn vivo
has effects on many different aspects of cellular functibime fact that biological
macromolecules are evolutionary being adapted to fundtissuch crowded en-
vironments, brings up a few biologically important questio Why do cells have
such a highly crowded interior? Is there any advantage imgoeiowded?

In chapter 3, we briefly review previous approaches to thélpro of crowd-
ing. In particular we will discuss the contributions of Tdkaet al. [61, 62], Zhou
[62], Bolen 56, 64, 65] and Mintori [66] to settling differeaspects of this prob-
lem. In the following chapters, we explain how our analyitiveethod could con-
tribute to further unraveling of polymer collapse and pimfelding in dense sys-
tems. Takadat al. have shown that for a fixed packing fraction of osmolytes,
small osmolytes have stronger stabilization effect thagelaosmolytes, and as we
will see our theoretical and simulation studies confirm tesult. However, what
is missing in their approaches is a model for the internaicttire of the protein,
that is, the protein as a whole is considered to be eitherldetbstate I) or in
unfolded state[d), and the model is not flexible to the changes in the energetic
parameters between residues. In our theoretical model &ygihg the energetic
parameters of the primary, secondary and tertiary streatfithe protein one can
attain a more detailed description of a specific protein. édwer, the model allows
us to change the size of the protein residues. Another aalyaruf our theoreti-
cal work is that the protein can take any conformation thaissistent with the
existing constraint in the system, and there is no need testéated to only two
possible states of the proteiN @ndD).

The interaction parameter between osmolytes and the pritdaken to be
zero in Takada’s approach and therefore osmolytes are yriatetacting with the
protein via a hard-sphere potential, whereas in our modehargl description of
protecting and denaturing (urea) osmolytes has been gl changing the in-
teraction energy between the polymer and the osmolytes ffiegative to positive
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values. Essentially the same thermodynamic approach capdbed to theories of

protein stabilization due to macromolecular protectingwating agents [5C, 51],

and protein destabilization due to the present of denatsirdimerefore, our model
enables us to unify the effects of protecting osmolytes amatiirants in the same
theoretical scheme. One of the natural extensions of ooryhs investigating the

role of depletion interaction in aggregation resulted frprotein-protein interac-

tions and signal transduction. This effect has been plyrisilidied in Takada’s

model by changing the interaction parameter between twolded proteins to

model protein aggregation.

The advantage of our theoretical framework to Zhou's moidetisat again the
protein has no internal structure in his approach, thahisprotein as a whole is
considered to be either a globular object or a chain wheraasnodel has more
details about the structure of the protein. Moreover, inZhapproach one cannot
change the concentration of the protein in the system, aodrimodel we intro-
duce a few characteristics of the protein (hnumber of residun the size of each
residue) that the change in any of those results in the char®tein concentra-
tion. However; the result of Zhou's calculations which skoan increase in the
folded state stability as the packing fraction of osmolyteseases is in qualitative
agreement with our results.

The purpose of this work is to find a theoretical frameworkneestigate the
effects of osmolytes on protein folding and stability. le tthapter 4, we introduce
a new parameter that is more adequate as the size of a polyraier, instead of
the old notions of the linear dimension of a chain, the raditigyration of the
polymer, Rg, and the end to end distance of a polymeric ch&ge. In terms
of this new parameter, we find an expression for the free gnafrghe polymer
which enables us to investigate the thermodynamics andigsnef the effect of
osmolytes on its collapse. In chapter 5, we derive the freggsnof a protein by
introducing energetic parameters for primary, secondad,tartiary structure of
the protein and using the same algorithm as in the case ofmsos/we study the
effect of crowding on protein’s folding and stability. FHoermore, we show that
this effect is a function of the concentration and the sizthefcrowding agents as
well as the type of the crowding particles that are presettiérsystem. The latter
case is accounted for by the parameggrwhich is the interaction energy between
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the protein and surrounding osmolytes.

In chapter 6, we discuss the discontinuous molecular dycg(®MD) simula-
tions of an all-atonGo model Trp-cage protein (PDB 1L2Y) immersed in explicit
solvent molecules to investigate how osmolytes or uredligilor destabilize pro-
teins [7]. The Trp-cage DMD model is immersed in sphericd/estt molecules,
in which binding of solvent to protein is controlled by a satt-protein contact
energy,ps. Protein stabilization or destabilization in the solverddal used here
arises from a change in solvent-protein interactions whigblicitly accounts for
the presence of osmolytes or denaturants.
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Chapter 2

Biological Motivations

In a closed system and in the presence of obstacles a polyragr will contract.
Sasaharat al. [67], Tokuriki et al. [6€], Baumgartner and Muthukumer [69],
Honeycutt and Thirumalai [70], Dayantes al. [71] have reported direct evidence
of the compaction of the unfolded protein by crowding. Atthigpncentrations of
crowding macromolecules, the unoccupied interstitiacepadecome too small to
accommodate the globular native protein which is modeled lagrd sphere. On
the other hand, the unfolded protein which can be modeledG@esuasian chain is
flexible in changing its conformation and therefore can héigdly accommodated
in narrow spaces. This causes different restrictions orfdtlieed and unfolded
protein by crowding agents. Therefore, the native proteifoiced to maintain
its native structure and remain functional. This phenomeimas vast biological
applications.

In this section, we review a few biological applications ofume exclusion
effects to indicate the diversity and magnitude of the ¢fféosmolytes. The goal
is to encourage researchers to bear in mind the crowdingteffehen modeling
the protein functions inside living cells.

2.1 ReverseProteolysis

Proteolysis is the digestion of proteins by specific enzyoatied proteases and it
happens inside living cells for different purposes, sucHigesting of proteins in
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foods to produce amino acids, removing the signal peptitlestaeir transport and
removing the N-terminal methionine residues after traimsia Proteases used to be
thought of as critical elements in progression of catalrelactionsn vivo, but it is
shown [41] that in the presence of crowding agents, subthmtsbuild the protein
are converted to the native protein. This shift of the pepbdnd equilibrium is
due to the fact that although the energetic barrier of idionaof the carboxyl is
lowered by osmolytes, but the entropic barrier is highetesithe reacting ends are
brought closer to each other and the net difference in freeggrincreases which
means that volume exclusion effect plays the role of a dyiviorce in reverse
proteolysis.

Somalinga and Roy have studied the (V8) protease-cataky@tieses of three
20-residue peptides [41]. The organic co-solvents thatuatmlly used in pro-
tein and osmolyte mixture experiments are dextran and PBIgdihylene glycol).
Dextran is a complex polysaccharide composed of severabgumolecules. Dex-
tran can be synthesized in different lengths (from 10 to lis@l&ltons) and usu-
ally is used as an antithrombotic to reduce blood viscoBiBG, on the other hand
is an oligomer or polymer of ethylene oxide in liquid or loweliing solid state
depending on its molecular weight and is usually considévdtave a molecular
mass below 20000 g/mol. PEG is soluble in water and is coupléydrophobic
molecules to lower the surface tension of water and alloveeapreading.

The synthesis of these three proteins has been isongo with different con-
centrations of osmolytes and the results have confirmedythethesis of reverse-
proteolytic condensation of complementary fragments.h&irtpaper, Somalinga
and Roy have shown that the formation of LIAA (20-residudgiessr peptides with
the consensus sequence DIAQALKQIAEALQKIAGGY) increasdthvincrease
in dextran concentration which verifies the shift of the Wrasn bond hydrolysis
to synthesis by adding osmolytes [41].
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2.2 Formation of Rod-like Protein Aggregates
(Parkinson’s Disease)

There are a few factors through which macromolecular crogrdan affect protein

aggregation. Destabilizing the individual-molecule ssaand stabilizing the com-
pound states, decreasing protein solubility in water aradrasult inducing protein

self-interaction by changing water activity, decreasiiffudion rate and therefore
increasing the kinetics of aggregation by increasing \d@ggoare among these fac-
tors. Aggregation appears after the formation of partifdlged intermediates rich
in beta structure which may have hydrophobic side-chainsheir surface and

therefore can bring about non-polar interactions betweselecunles, resulting in

aggregation. Initially there is a lag time, which corresgmio the formation of the

nucleus and then the growth rate of the aggregation incsezgeonentially. Both

of these steps are affected by adding osmolytes into therayst

Munishkinaet al. have investigated the aggregationaeynuclein to explain
some of the effects of molecular crowding on proteins [4@}synuclein is a 14
kDa protein, primarily found in neural tissue but also thare traces of it in glial
cells. Purifieda-synuclein is normally an unstructured soluble proteirt, under
crowded circumstances can aggregate to form insolubldsfidmown as Lewy
bodies which are responsible for degenerative diseasesasuearkinson’s and de-
mentia. In addition, ar-synuclein fragment, known as the non-Abeta component
(NAC), is found in amyloid plaques in Alzheimer’s disease.

The result of Munishkina’s experiment indicates that higheaentration of dex-
tran/PEG increases the rate amfsynuclein fibrillation. In[42], they have shown
that the addition of more and more PEGs results in largerlexat®n of the rate
of fibril formation. Their results also indicated that higmoeigh concentrations of
PEG 3350 have almost similar accelerating effectsresynuclein fibril formation,
which can be explained in terms of viscosity. When the systeaches a criti-
cal density, viscosity that works in the opposition of vokimxclusion becomes
important.
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2.3 High Stability of the Crystallin Proteinsin the Lens
of the Eye

The cytoplasm of vertebrate eye lens cells consists of a#oUt crystallin pro-
teins, a-, B- andy-crystallins, whose molecular weight differ for variouspfide
compositions. A degree of short-range order between thedeips is needed for
the eye lens to be transparent because if they scatter éiglomly, the lens would
appear as an opaque object. Benedek showed that the obsamnguhrency of the
system can be explained by a limited degree of short-rargdgr erhich means that
it is not necessary to have a crystalline or paracrystalilage [72]. The opacity
of the eye lens, such as in cataract, can also be explainecakigisng of light by
larger molecules which are the result of aggregation oftabyiss, because the size
of these aggregations is comparable to the wavelength dipthte

Having the highest molecular weight and concentration eadytoplasm,a-
crystallin is the main protein of the eye lens and its stmatfunction is to sustain
a suitable refractive index of the lens. The solubility détbrystallin is high (up
to 250 mg/ml) and its physiochemical changes are importas¢inile cataract for-
mation. Another function ofi-crystallin in the eye lens is to act as a molecular
chaperone to prevent the aggregation of intermediates teyaicting with them
in the early stages of their unfolding and capturing thendmsts hollow inte-
rior. To function as a chaperone propeuycrystallin needs to remain in its native
state, because due to its complex assembly, the chaperoperipes of refolded
a-crystallin is different from those of its native structy#¢]. a-crystallin can
become unfolded easily and there are several factors thiaedhe unfolding of
this protein, such as heat, pH of the solution and the presehdenaturants such
as GdmCL. On the other hand, there are different ways to ad@mturation of
a-crystallin through crowding. Due to high concentratiorthie cytoplasm in the
eye lens fiber cellsa-crystallin owes its stability partially to friction. Moower,
as a result of volume exclusion, macromolecular crowdingegponsible for-
crystallin stability in high protein concentration, whichwhat naturally happens
in the eye.

Andries et al. have investigated the effect of high protein concentration
the scattered intensity of the lens [43]. At protein volumacfion of 0.035 the
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diffusive behavior of thex-crystallin solutions undergoes drastic changes. They
measured the scattered light in photon correlation spemtpmy. Photon correlation
spectroscopy technique is normally used to study the behavicomplex fluids
such as concentrated polymer solutions. The light scatteal directions when it
hits small particles (Rayleigh scattering). For a monogtatic and coherent light
source such as a laser beam, the scattering intensity wél irme-dependent fluc-
tuations. These fluctuations caused by the Brownian mofitmesmall molecules
in solutions are used to evaluate the changes in the distatoeen the scatterers
in the solution. The information about the time scale of nmogat of the scatter-
ers can be derived from the constructive or destructivefartence of the scattered
light by the surrounding patrticles.

In their paper, Andriegt al. have measured the second order cumtlast
well as the correlation function of the eye lens at diffenemtein volume fraction
of ¢ [42]. They have shown that the normalized second order camhaleviates
drastically from 0 as they increaggand moreover the correlation function has
slowly decaying components. The cumulant analysis can ée tescalculate an
effective diffusion coefficientDess. The osmolyte concentration of-crystallin
from bovine lenses at different angles and at a lower=0.08) and a higher
(0w = 0.32) ionic strength was calculated. At higherthe diffusion coefficient
decreases foa-crystallin from bovine lens cortex and for calf cortex thes a
small increase followed by a decrease.

2.4 Assembly of Cell Division Protein FtsZ into
One-monomer Thick Ribbons
The FtsZ is a protein that exists in most of the prokaryotic organismd has a

crucial role in microbial and organelle divisions by consting a ring around the
division site [73, 74]. The biological activities of FtsZeathe ability to efficiently

1second order cumulant which provides an indication of thimwmae of the system, is the coeffi-
cient of the second term in the expansion of the auto-cdioel@unction in terms of time.

2FtsZ is named after “filamenting temperature-sensitiveami ”. The hypothesis was that due
to the inability of the daughter cells to separate from onetlzer, cell division mutants dE. coli
would grow as filaments.
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polymerize into filamente vitro in the presence of potassium and GTP, to readily
hydrolyze GTP to GDP and to involve in a reversible magnedinked assembly
to form linear oligomers in the presence of GDP.

Gonzalezet al. have studied the effect of osmolytes on FtsZ assembly in the
presence of the most abundant form of the nucleotide insidecell, GTP [46].
They have found that the effect of high packing fractions olenular crowdings
which resemble the crowddel coli cytoplasm is the formation of FtsZ polymer
ribbons. The GTPase activity of FtsZ which is the polymereagdy/disassem-
bly dynamics and nucleotide exchange within the polymeigisificantly retarded
in crowded environments in comparison to the same parametdahe FtsZ fila-
ments that are formed in dilute solutions. Therefore theychale that the self-
organization process of FtsZ spontaneous arrangementiliftons only happens
in the bacterial interior and suggest that in the non-dingdiells the regulation of
Z-ring assembly is modulated by other mechanisms.

They have analyzed the effect of inert macromolecular cess/duch as Ficoll
and dextran on the polymerization of FtsZ. In the presengeotdssium ions in
KGA buffer (25 mM Hepes/acetate, pH 7.4, plus 100 mM potassijlutamate,
300 mM potassium acetate and 5 mM magnesium acetate) byga@diR the FtsZ
filaments are formed. In the presence of high concentratbnsmolytes the FtsZ
polymers form. Addition of 200 g/liter of Ficoll causes Ftpdlymers with width
of 40-100 nm to form. Since the size of a single FtsZ monomdrisnm, these
polymers correspond to a width of 8-25 protofilaments. Tlditesh of 200 g/liter
of dextran gives similar results. When they use incubatioGA buffer with 0.1
nM of GMPCPE instead of GTP the polymers have been still observed. Haweve
if the incubation time was more than one hour, the polymesappeared unless
GTP-regenerating system regenerated GTP. This suggedtththpolymers are
dynamic structures.

Moreover; the atomic force microscopy (AFM) images confihattthe width
of the FtsZ polymers that are induced by osmolytes is 40-X0@nd their thick-

Sguanylyl-(@, B)-methylene-diphosphonate or GMPCPP hydrolyzes morelgltan GTP. The
polymerization rate with GMPCPP is very similar to that of B however, in contrast to polymer-
ization with GTP, polymers formed with GMPCPP do not depadyize rapidly after isothermal
dilution.
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ness is 3-4 nm. Considering that this size is compatible 24 structures with
thickness of one protofilament, they concluded that the$grmrs are ribbons.
These ribbons can be observed by optical microscopes whesrdiscently FtsZ is
used.

2.5 TheEffect of Macromolecular Crowding on Signal
Transduction and M etabolite Channeling

The effect of high concentrations of macromolecular cragdin equilibrium phe-
nomena such as protein binding to DNA is a well-establishrethlpm [7!5]. How-
ever; the mechanism on the effect of osmolytes on nonequitibphenomena such
as signal transduction and metabolic fluxes (the rate athwdiimetabolite is pro-
duced during a biological process) requires more study #&edten. In biology,
signal transduction is referred to any process in a cell whésults in conversion
of one kind of signal or stimulus into another. These proegs®rmally involve
ordered sequences of biochemical reactions inside th@edthrmed by enzymes
and activated by second messengers that generate a semaduction pathway.
The signal transduction processes usually last only fomanféliseconds in the
case of ion flux, or minutes for the activation of protein aipitdtmediated kinase
cascades.

The metabolic chemical reactions are organized into métapathways in
which a principal chemical is converted into another chairtisrough a series of
steps catalyzed by a sequence of enzymes. Enzymes arei@ssemtetabolism
because they assist organisms to have desirable readtminske energy and do
not occur by themselves, by adjoining them to spontaneaions that release
energy. Moreover, enzymes are in charge of regulation ohbudic pathways
against the changes in the cell’'s environment or signals ther cells. In some
metabolic pathways, the product of an enzyme convertsli@oéxt enzyme in the
pathway without equilibrating with the bulk solution. Thigect enzyme-enzyme
interaction is known as metabolite channeling.

Rohweret al. have investigated the effect of different enzyme concéntra
on the flux through the bacterial phosphotransferase sy@dig), the major car-
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bohydrate transport system in bacteria,vitro [45]. They have measured the
PTS-mediated carbohydrate phosphorylation at differdaotiohs of E. coli ex-
tract. Their results show that the fldxs proportional tac® wherec is the protein
concentration and & a < 2.

Rohweret al. have shown that at lower protein concentrations the actditio
of 9% PEG 6000 stimulates the PTS flux and inhibits the flux ghéxi protein
concentrations. At lower PEG 6000 concentrations, theuséition to inhibition of
the PTS flux transition point occurs at higher protein cotregions. This suggests
that the presence of osmolytes cause a decrease in theidigsorate constants of
enzyme complexes. Moreover, the addition of PEG 35000 itshtbe PTS flux in
all conditions. These results indicate that in the crowdadrenment of the cell,
on the time-scale of their turnover the PTS enzyme compl&x@tonger.

2.6 Enhancement of Thermal Stability of Rabbit Muscle
Creatine Kinase

Jianget al. have investigated the effect of osmolytes on the nativearomdtion and
thermal stability of creatine kinase (CK) using the farawolet circular dichro-
ism spectra to reflect the secondary structure of the natate 5765]. CK also
known as creatine phosphokinase (CPK) or phospho-crektiase is an enzyme
belonging to guanidino kinase family which is expresseddnjous tissues and cell
types. This enzyme catalyzes the reversible transfer ofoaptoryl group from
ATP—Mg?* to creatine which produces phosphocreatine A& — Mg?*. CK is
important in regeneration of ATP inside the cells that comslATP rapidly, such
as skeletal muscle, brain, photoreceptor cells of theagtiair cells of the inner
ear, spermatozoa and smooth muscle. Moreover, CK is an temgadiagnostic
indicator of nervous system diseases, the heart musclasdisend etc. In clinics,
CKis assayed in blood tests as a marker of heart attack,eseugscle breakdown,
muscular dystrophy, and in acute renal failure.
In their work, Jianget al. have used the purified rabbit muscle CK which

is an oligomeric two-domain protein and investigated thanges to its confor-
mation and stability over an extended range of dextran 7@eauration. They
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calculated the fraction of unfolded proteif,, at different temperatures from CD
spectra results. By making the assumption that each speetrany given dextran
concentration can be described by a weighted linear cormidmarf only the native
state and the unfolded state components, the dextran doaibem dependence of
ellipticity was analyzed in a two-state fashion. The obedrellipticity is taken as
the average of the native state ellipticity and the fullyaldéd ellipticity. In this
two-state model the protein is assumed to be in its natite std = 25°C and at
T =80°Citis fully unfolded at all dextran concentrations. In thediy induced un-
folding, the behavior of transition temperatufig,,, shifts to higher temperatures
as osmolyte concentration increases. As they increasdchdeconcentration from
0 g/l to 260 g/I,T; > was raised by up to°€.

2.7 Molecular Crowding Effect on an Alzheimer’s
B-amyloid Peptide
Alzheimer's disease is a result of the fibril formation by &lzheimer's3-amyloid
(AB) peptide in brain tissue. Amyloids are insoluble protete@us fibrillar as-
semblies which are formed by aggregation of misfolded stafenormally sol-
uble proteins [77, 78]. The structure of amyloid fibrils haeb demonstrated
by X-ray fiber diffraction studies of a wide range of fibril &% which clarified
that these amyliods have no 3-D structural homology to thative state. The
cleavage of a large amyloid precursor protein, APP, praositive A3; 4o peptide
which is present in unaffected individuals and has a norrhgsiological role. In
Alzheimer’s disease however, this peptide forms orderagtegtes that are de-
posited extracellularly as amyloid plaques or senile piaqgu the neuropil and
in vascular deposits. To design effective therapeutic @gagainst Alzheimer’s
disease, we have to understand the conformational prepetid the mechanisms
triggering aggregation of the Apeptides at an atomic level.

Because amyloid fibrils are insoluble it is difficult to stutheir molecular
structure, mechanisms of conformational transition, dedformation of the fib-
ril aggregate. However, recently techniques such as NMi#Rtreln paramagnetic
resonance, and electron microscopy have revealed Biat,Aundergoes a confor-
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mational transition from coil tar-helix to 3-strand during amyloidogenes's [79].

From investigations of the refolding of reduced hen lysoeynthe presence of
different crowding agents (CA), we know that the presenaesaiolytes affects the
aggregation of refolding protein molecules. Based on tleessideration, L&t al.
have constructed a computational model that consists ofamistic description
of a peptide, inert macromolecules of about 70 KD moleculaigiv to model
osmolytes and a continuum solvent model [80]. They haveiegphis model to
monomeric Alzheimer'8-amyliod peptide segment (Ag_3s).

Li et al. have started the simulations with one completely extenttedtsre,
one B-strand structure, and four NMR structures both in diluté erowded (with
CA packing fractions ofp = 30% andg = 40%) solutions. For two of the NMR
structures, an additional simulations with CA packing fi@ts of ¢ = 35% were
done as well. In all simulations (y¢_35 adopted a collapsed coil conformation.
For dilute solutions the results were in reasonable quiaktagreement with ex-
perimental and other simulation results. However; theltesd the simulations in
crowded environment showed some distinct changes in pieparf the AB1g_3s.
For example, the appearance of transi@+gtructure increases and diffusivity de-
creases with increasing CA concentration. Moreover, therimal properties of
ApB10_35 such as order parameter or atomic root mean square (RMSD)dtiens
are less sensitive to the changes in CA concentrations.

2.8 Effect of Macromolecular Crowding Agentson HIV
Type 1 Capsid Protein Assembly

Human immunodeficiency virus (HIV) is a member of the retrasifamily, i.e.

RNA viruses that are replicated in a host cell and produce Digf its RNA

genome via the reverse transcriptase. HIV causes acquiradmodeficiency syn-
drome (AIDS), which is the failure of the proper operatiortloé immune system
in humans. The immature HIV particle has a spherical shetipmmsed of a few
thousand copies of the Gag polyprotein surrounded by thebrams. After the
virus particle buds from the cell using the viral proteasag® cleaved and re-
leases the matrix, capsid and nucleocapsid polypeptides ¢apsid proteins that
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are associated with viral nucleic acid). This phenomendiaias a structural re-
arrangement which is called maturation and is mostly irmdhnucleocapsid and
viral RNA assembly into the mature capsid. Recent experiatestudies reveal
that the assembly of the cone-shaped mature capsid requidesiovo nucleo-
capsid assembly which is feasible at very high protein comagons inside the
extracellular virion.

in vitro assembly of capsid of HIV-1 strain BH10 were first exploreddtu-
tions with protein concentrations of 1 to 100/ range at different pHs and ionic
strengths without crowding agens [81]. Lannairal. observed that after many
hours of incubation no assembly is detected at physiolagicistrength (150 mM
NacCl) eventhough the protein concentrations were high.eébdy was still very
slow at 1.75 M NaCl, however at 2.25 M NaCl, it was relativedgtt Moreover, the
assembly rate depends on pH as well, that is at pH 7.8 it is diffie@s higher than
at pH 7.0. As expected by increasing the concentration afiddpth the rate and
the amount of polymer formed increased. The critical capsittentration was 5.6
UM at ionic strength 2.25 M NaCl and pH 7.8.

Later the effects of Ficoll 70 and dextran 10 on the kinetiosapsid assembly
were studied [€2]. At first the capsid concentration was Gets M and other
conditions were highly advantageous farvitro polymerization, i.e. pH 7.8 and
ionic strength 2.25 M NaCl. The addition of Ficoll 70 accated capsid assembly
significantly. Replacing Ficoll 70 with dextran 10 gives alkhthe same amount
of enhancement in capsid assembly. In the presence of lit# §ficoll or dextran
the critical capsid concentration was reduced from abduti™ to 3.1 uM or 2.3
UM respectively.

The significant enhancement in the capsid assembly rate iprésence of os-
molytes facilitates the possibility of attaining rapid aefficient polymerization
in vitro under authentic conditions, i.e. high capsid concentmadiod low (phys-
iologic) ionic strength. In the absence of osmolytes, at 4@ NaCl and 600
UM capsid concentration, no polymerization was observed efer 65 hours of
incubation. However; addition of 250 g/liter Ficoll 70 cassefficient capsid as-
sembly in less than 2 min. In these conditions the cylindiritauctures with 37
+ 9 nm diameter were being formed. The shape and dimensiorwesé tstruc-
tures were indistinguishable from those obtained in stahdanditions, that is
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high ionic strength and low capsid concentrations, in theeabe of osmolytes.
Conical structures with sizes close to those of authentituraaapsids of HIV-1
were also observed.

2.9 Molecular Crowding Creates an Essential
Environment for the Formation of Stable
G-quadruplexesin Long Double-stranded DNA

Zhenget al. have prepared long dsDNA from human genome that carry Grqphax-
forming sequences with flanking duplex at both sides [83kyrthen have investi-
gated the effect of the molecular crowding on the formatio@-guadruplex during
the process aifn vitro transcription and heat denaturation/renaturation. Tdetia
showed that osmolytes create an essential environmentdblesG-quadruplex
formation in dsDNA.

In their experiment, Zhengt al. constructed two dsDNAs carrying the core
G-rich sequence from the C-MYC and NRAS gene, respectivelgguoverlap
polymerase chain reaction (PCR) and genomic DNA from Hella as template.
The G-rich core sequence was on the nontemplate strand amg:cted with a
flanking promoter sequence (short DNA sequences that bartanscription unit)
for the T7 RNA polymerase (an RNA polymerase that catalypeddrmation of
RNA in the 8 — 3 direction) at its 5side. The two dsDNAs were subjected
to heat denaturation/renaturation or transcription withRINA polymerase. The
conditions under which the experiments were carried ouewanilar to authentic
intracellular environment, i.e. at neutral pH in 150 mM K+wimn with (40%
PEG 200) and without osmolytes. G-quadruplex formation thas detected by
coupling the N7 of guanines to dimethyl sulfate (DMS). DM$ edfect the base-
specific cleavage of guanine in DNA and therefore it can bd tsdetermine base
sequencing, cleavage on the DNA chain, and other appligatidlthough the N7
in DNA duplex has a tendency to methylation by DMS and subsety cleavaged
with piperidine, but the N7 in the G-quartet of G-quadrupstsucture cannot be
methylated. They labeled two dsDNAs at theed of the G-rich strand with a
fluorescent dye.
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Zhenget al. have marked the distinct bands corresponding to the cleavfg
the four runs of guanines with a circle in the core G-rich seqe for the dsDNAs
that were imposed to transcription or heat denaturatioattgation. These bands
become protected from cleavage when the treatment was dadhe presence of
40% PEG. This reveals that in these DNAs G-quadruplex isistats of three
G-quartets that were formed during the process of RNA trgutsan and heat de-
naturation/renaturation. Interestingly, the guanineth@flanking sequences were
always similarly attacked in the presence and absence oblgta, which indi-
cates that these sequences were in the duplex form.

Other processes that are directly influenced by molecutavding are:

e Roles of cytoplasmic osmolytes, water, and crowding in #sponse oEs-
cherichia coli to osmotic stress [47].

e Osmolytes stabilize ribonuclease S by stabilizing itsrimagts S protein and
S peptide to compact folding-competent states [60].

e Salt-induced stabilization of pair and many-body hydrdpbanteractions
[84].

e Stabilization of Cutinase by Trehalose [58].

e Stabilization of the ribosomal protein S6 by Trehalose isnterbalanced by
the formation of a putative off-pathway species [59].

e Molecular crowding in thé&scherichia coli periplasm maintaina-synuclein
disorder [83].
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Chapter 3

Previous Approaches and
Contributions

In this section we briefly review previous approaches to ttublem of crowd-
ing environments. Takadet al. [61, 62], Zhou [63], Bolen [£6], [64, 65] and
Minton [66] had significant contributions to settling diféat aspects of the effects
of crowding agents on protein folding theoretically.

3.1 The Density Functional Model

In [61] the authors present an analytical framework to deecnonuniform sys-
tem of proteins in crowded media, which is a system with itdigiegrees of free-
dom. Density functional theories are particularly appiaterto describe interfacial
phenomena such as phase separations of colloidal parictepolymer mixtures.
Therefore, their theory provides a unified description aft@in stability and ag-
gregation in crowded environments. In this model the crahslgstem is coarse-
grained, and proteins are represented by density fields.native and denatured
states of the protein are characterized by their intringe £nergiesny andnp,
respectively and protein can transform from a native statedenatured state and
vice versa. In principle, the intrinsic free energies carusener broken into ener-
getic and entropic parts, but in the following calculatiohs decomposition is not
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necessary because the temperature is fixed. TheycsetO in their calculations
because the intrinsic free energy of the crowding agent doeplay any role in
their theory.

Further, they assume that the interactiop £) between two molecules is the
hard-core square-well potential:

00’ ré Ra+RB
Ug(r) =1 €ap, Ra+Rg<r<c(Ry+Ryp) (3.1)
07 C(Ra + Rﬁ) <Tr

wherer is the intermolecular distancBy andRg are the radii of molecular species
a andB(= N,D,C), andc is a constant factor greater than one and is set to 3
in this work. The excluded volume interaction is held by thgpermost line in
the above equation ang, g represents other longer range interactions. Since in
this calculation they were only concerned with the excludeldime interaction,
they sete, g = 0 except forep p. Denatured proteins tend to attract each other
because hydrophobic residues and isolated hydrogen bamatgdland acceptors
are exposed in unfolded states. Therefergp is usually set to a negative value.
The length scale in the present theory is set-f nm, which is taken as the unit
length. The radii of the protein and crowding agent are oéoad~0.1 unit length.
The system is represented ¥ (r) wherea specifies different species &s
for denatured proteirl\ for native protein an for crowding agents. The density
field of solvent,@S(r), is defined agp>(r) = pg — Z4@%(r), wherepy is the total
bulk density of the system. Then the free energy of the systambe written as:

Flo?(n)]=F+F (3.2)

with F being the ideal part of the free energy dRghe nonideal partF is given
by:

F— /dr (ZaNa®? + TZa®% logd? + TdSlogds (3.3)

28



where®S is the density field of the solvent angh andny are the intrinsic free
energies of the protein in denatured and native statesatagg. The nonideal
part of the free energy is given by:

o 220 [ [ andrao® ()07 (T (- ep(-uog/T) (34)

whereu, g is the hard sphere potential between different speciest, by define
local chemical potentigliy (r):

B oF
~0Da(r)

Ha (r) (3.5)

which in addition to the equilibrium conditiopy (r) = pQ in which ug is the
equilibrium chemical potential, leads to a set of self-istent equations of state:

(1) — PO (Nla +Wa(r) — 1) /T
1+ Zgexp—(ng +Wp(r) — k) /T]

whereW, (r) can be regarded as the potential of mean force for the spectgslv-

ing this set of equations gives density fiett(r) at equilibrium. The calculations

of equilibrium states were done with various parameteresforpp = ¢@° + ¢\,

pc = ¢°, &p p and different initial conditions. They found that there twe differ-

ent phases, namely the uniform phadephase) and the phase with aggregates of

the denatured proteins in it and the remaining region is pnasiform (Ap phase).

The lowest free energy state of thg phase has one spherical aggregate. They

determine the phase boundary betweerlttendAp phases by the relative spatial

deviation of the native protein density fiegd(r):

(3.6)

(N —(oN))?)
Dy = D (3.7)

When Dy < 10°8 the system is in th&) phase and in thép phase otherwise.
Further, they introduce the bulk densities of protgig, and crowding agentgc.
Then the fraction of the native proteify = @V /pp, determined the stability of the
native protein.

To generate phase diagrams, they uSed 1, np =0, Ry =04, &3 =0
except forep p andpc is between 0 to 0.8. Other parameters are shown in table
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3.1.

Table 3.1: Parameter sets of the phase diagram.
Plane pp nNnv é&p R Ro

pc-spp 0.1 0 04 0.6
Pc-Pp 0 -0058 04 06
pc-ny 0.1 -0.058 0.4 06
pc-Re 0.1 0 -0.058 0.6

oc-Rp 0.1 0 -0.058 0.4

Moreover, the bulk volume fraction of the protein is betw8ed268 and 0.0905
whenRy = 0.4, Rp = 0.6 andpp = 0.1 and the bulk volume fraction of the crowd-
ing agents is 0.215 wheR: = 0.4 andpc = 0.8. Therefore the total volume frac-
tion of molecules which is between 0.2 and 0.3 correspongeoajmately to that
of the living cells.

The phase diagram on tipg — £p p plane indicates that aggregation increases
aspc becomes larger and also as long as the system is i thlease, the native
protein becomes more stabilized @s increases. We can derive some essential
features of the crowded environments in fe— ep p phase diagram, however;
experimentally it is not easy to manipulate the paramatey and therefore they
tried other variables for phase diagrams. Ppae- pp phase diagram indicates that
as pc increases, the aggregation of the denatured protein anstdbdization of
the native protein in the uniform phase are enhanced.

The intrinsic free energy)y of the native protein can be experimentally ma-
nipulated by mutations. The: — nn phase diagram indicates the tendency of the
crowding agents to enhance aggregation and stabilizingndktige protein in the
uniform phase. Wherny > 1 which means that the native protein is intrinsically
highly destabilized, the phase boundary on tle- nn plane is almost vertical.
This shows that when the native protein is unstable, thecakivalue of pc for
aggregation behaves almost independentlgyof

Takadaet al. have also investigated the effects of crowding environserith
different sizes of the crowding agents and unfolded pretelExperimentally, we
can easily change the size of the crowding agent replaciagctbwding agent
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to a different kind. In this calculationd: was varied from 0.1 to 0.45. The
pc — Rc phase diagram indicates that, for fixeg the larger crowding agents are
better stabilizers, that is, the increasdinhas similar effects to the increase in the
number densityoc. This is expected, because at a constant number demsity
larger crowding agent takes more space. However, they dighne- (4n/3)pCI%
as the volume fraction of the crowding agent. Tie— Rc phase diagram shows
that within the range oR: that they studied, for a fixe@c, smaller crowding
agents have more significant effects on the stabilizatiothefnative protein in
the U phase and on the aggregation of the denatured proteins. &t fix the
crowding agents with largesc reduce the native protein stability in the phase
and prevent aggregation. Therefore they concluded thatrthveding effects on
protein stabilization and aggregation are bBghand pc dependent.

At the end, they studied the dependence of the crowdingteftactthe size of
the denatured proteinBp. Thepc — Rp phase diagram indicates that for laigs,
that is forRp > 0.5 the increase ipc enhances the aggregation. iRy > Ry =
0.4, largerpc values stabilize the native protein in thgphase as in previous cases.
The crowding effects are more significant for largggy.

3.2 The Gaussian Chain and Hard Sphere M odel

In his first paper on crowding effects, Zhou uses theoreticatlels that are in-
tentionally simple [63]. These models are suggested taioaphe essence of the
essential effects of crowding, however they lack realidétails. In his work, Zhou
treats an unfolded protein as a Gaussian chain and a foldéeimpas a hard sphere
and assumes that these two states are separated from eaclth difference
in free energyAG and then he studies the changes that the presence of ossnolyte
makes inAG.

The protein folding is the accumulation of native contatist us consider the
formation of a contact between two residues of the unfoldedinc The probability
density for finding two monomers of an unfolded protein atsaatice r from each
other is:
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3 \¥? 3r2

wheren is the number of monomers between the two residuesbasdhe bond
length. The potential that gives rise to the above prolghiistribution is:

P(r) =exp(—BU(r)) (3.9

If we assume that every close approach between monomesstteptbductive
contact formation then the problem of contact formationonees equivalent to the
problem of a Brownian particle moving in potentid(r) and being absorbed at the
contact distance = a. The Kramers rate equation €6, 87] for a Gaussian chain
results in:

6

3\/;Da

(Nb?)3/2

whereD is the relative diffusion constant atgh is the rate constant.
However, the formation of a native contact happens whenleerésidues

are in their native states. If we assume that the transitiottsand out of the
native state are rate processes and the transitions ofdndivresidues take place

Ko = (3.10)

independently of other residues, then the rate constardtofencontact formation
is smaller than that of total contact formation by:

@ _ Wa— W —
ki wnp sy [aD Y2 (0ns + sy + Wa- + wp ) Y2+ 1]

(3.11)

wherew_ andw, are residue (A or B) transitions rate into and out of the mativ
State.

If the two proteins are held together by a strong short-rggaential U(r), the
binding constant is given by [38]:

Ks= /r*exp[—BU(r)]4rrr2dr (3.12)

wherer* is the upper limit that defines the bound state. The subsstigtands for
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spherical geometry.

However; a protein complex is stereospecific which meanistiigacomplex
forms only if specific translational and rotational constisbetween two proteins
are held. The relative displacement vector between tweepretis taken to be
and the rotational angles of the two proteins are summaiiz€x andQg. Then
the binding constant is given by:

K — /r expi—BU (r, Qa, Qg)]dr d?Qad?Qg / (877)2 (3.13)

wherel represents the configurational space of the bound state.
Using [89]:

s =4nDa (3.14)
one can find the rate constant for the binding of two sphepadicles at distance
a at steady state. If we assume that initially there is a umfdrstribution, then at
timet the Smoluchowski rate constant at steady state becomes,

ks(t) = 4mDa {1+ (3.15)

a
(T[Dt)l/2
In the presence of a potentidl,(r), the steady-state binding rate constant is
given by [90]:
o — D
® Ja exp[BU ()] (4rw2)-Y/2dr
In general, it is difficult to solve equation (3.16), however a long-range poten-
tial a simple approximation has been obtaired [91]:

(3.16)

k = ko(exp(—U))* (3.17)

wherekg is the rate constant in the absence of the potential gnctheans average
over the outer boundary of the bound state.
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Shift of folding equilibrium by crowding

Crowding agents limit the motional freedom of a protein aedduse of the size
difference, the denatured and native proteins are affactelifferent extents and
therefore there is a shift in the folding equilibrium. Forarfolded (or Gaussian)
chain, the probability densit§(x, xo,n) that the chain with its origin ag will end
atx aftern steps satisfies a diffusion equation [92, 93]:
2
w _ %DZG(x,xo,n) (3.18)

When the chain length is large enouljt>> 1 the discrete variabla can be
treated as continuous to a good approximatiois replaced with time in the dif-
fusion of a Brownian particle with a diffusion constdht= b2/6. In fact, since the
probability densities of both an unfolded chain and a Branmrparticle are Gaus-
sian (with (r?) proportional to the bond length in the former and the lapseé t
in the latter), we can use them interchangeably. Moreougcesa physical chain
cannot cross any obstacle such as a crowding macromolecuddysorbing bound-
ary condition should be used, i.€(x,Xg,n) = 0 at the positions that are taken by
crowding agents. On the other hand, the crowding macromli@s@liminate con-
formations that were available to the unfolded chain in theeace of these agents.
The fraction f, of chain conformations that do not cross any boundariesviengi

by:

fy= /dx3 / dxo3G(X, Xo,N) V. (3.19)

where the integration is over the whole volumeof the solution. This problem
is equivalent to the problem of a Brownian particle in a fieldstatic absorbing
traps with [ dx3G(x, xo, N) being the survival probability of the Brownian particle.
The additional integration oveg in f, is equivalent to averaging over positions of
traps.

They assume that the traps are spheres with ragiasd concentratios and
therefore they can use the Smoluchowski results. For shonoderate times, the
survival probabilityS(t) of a Brownian particle is given by (equaticn (3.15)):
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~InSt)=c /0 t dt'ks(t') = 4mDact [1+ 2a(nDt)] ~Y/2 (3.20)

Equation (3.20) for extremely small values$it) is accurate [94, 95]. How-
ever, at around(t) = exp(—6.68/¢*?) where @ = 4maic/3 is the volume frac-
tion of traps, this theory starts to fail, e.g. @t= 0.25 equation (3.20) gives
—InS(t) = 134.

By mapping the problem of a Brownian particle in the preseasfdeaps to the
problem of a Gaussian chain in a crowded environment, we find:

2
—Inf, = 3¢y? (HW) (3.21)

wherey = Ry/a.. Table 3.2 shows the range of validity of equation (3.21) for
different values of;. It is seen from this table that equation (3.21) is reliabidar
biological conditions.

Table 3.2: The range of validity of equation (3.21).

y o

1 nolimit
2 0.50

3 0.32

4 0.23

On the other hand, because of the presence of crowding ageantspositions
of the protein will not be allowed. In physical chemistryetinverse of the fraction
of the folded conformations that do not overlap with the aitow molecules fs,
is called the activity coefficient of the folded protein. Inreodel that both the
folded protein and the crowding agents are hard spherescttied-particle theory
predicts [95]:
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9 o \° 9 \°
+(§zz+3z3) (ﬂ) 437 (ﬂ) (3.22)

—Inff=—In(1- @)+ (32+32+2)

wherez = d; /2ac with ds being the effective diameter of the folded protein. Zhou
specifically considers the effect of crowding by ribonuske& on the folding free
energy ofa-lactalbumin with parameters®y = 304, d; /2 = 17.24, a. = 154A
andM. = 17,000 whereM; is the molecular weight of the crowding agents. The
difference between-In f, and—In f increases asincreases.

3.2.1 Fundamental Measure Theory (FMT)

In his latest work, Zhou does not make any assumption abeusliape of the
proteins [97], and therefore his new theory is based on thddmental measure
theory (FMT) [983--100], which is a density functional thedoy fluids of convex
hard particles. In the case of spherical particles, FMT ceduo SPT (scaled
particle theory) [99]. FMT predicts that by placing a testtgin in a sea of convex
crowders, the increase in the chemical potential of thespmas 99]:

wherekg is Boltzmann’s constant arilis the absolute temperatung;, sp, andl,

are the volume, surface area, and linear size of the testipréi. is the osmotic
pressure of the crowders; and k¢ are the corresponding quantities for surface
tension and bending rigidity; angis the total volume fraction of the crowders. If
there are more than one crowder species in the system, themaWvder quantities
will be expressed in terms of the weighted number densifigeedifferent species:

C=24Ca;C = ZalaCaiCs = ZaSaCas @ = ZqVaCa (3.24)
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wherec, is the number density of species andly, Sy, andv, are their linear
size, surface area, and volume, respectively. The regelts a

MNe ¢ LGS cs

keT 1-¢@ (1-¢? 12n(1—¢)°

¥ _ a &

keT 1-¢ 8m(l—¢)?

Ke  Gs

T 1-s (3.25)

The FMT has been applied to convex particles with relatigyple geomet-
ric shapes [99]. Zhou generalizes the FMT to test proteipsesented at the
atomic level and refers to his method as the generalizecafuedtal measure the-
ory (GFMT). Moreover, Zhou found thadfu obtained in his previous simulation
work [102] by the insertion procedure could be fitted to emqume(3.23). The fitting
did not produce a predictive method however, because it wasl@ar howvp, s,
andlp, could be calculated since an all-atom protein is not a copagtcle.

Zhou showed that there is a good agreement between the GRMIC{ons on
Au and the data that obtained from simulations in Zhou's prueviwork [101].

3.3 TheRadial Distribution Function M odel

Bolen, on the other hand, has a different theoretical agbréathe problem of the
effects of crowding on protein folding [53. 64, 65]. He be#s that the nonideal
solution behavior has a structural origin. MacMillan andydia|1022] and later
Kirkwood and Buff [103] showed that one can express the thheymamic proper-
ties of an isotropic solution as a function of the structurene solution. The struc-
ture of a solution is reflected in the radial distribution dtians g, g(r) between
speciesa andf. One can interpret the radial distribution function as a sneaof
the deviation of particles of typg-from the random distribution around a central
particle of typea. The radial distribution function is a function of the dista
from the central particle. Typa-and typef particles can in principle be atoms,
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or molecules such as proteins, water, or cosolutes like y$aso

When there is no correlation between particles tgpaad typep, gq g(r) = 1.
However, when there is an excess or deficit of tyjoat a distance from the central
particle typeer, g4 g deviates from unity positively or negatively, dependinglos
positive or negative correlation of andf atr. They define the overall correlation
%4 p as the excess or deficit of tygieparticles around typerin the whole volume
that is occupied by these particles. One can ols#aip as a function of the packing
fraction using the Kirkwood-Buff integrals defined as:

%:4n/cjw[ga.3(r)—1]r2dr (3.26)

Now let us consider a solution with osmolytes. Kirkwood andfi10=] have
also developed the dependence of the osmolyte’s chemitahim L5 on the
osmolyte concentratiogs:

1 auos> 1 %\/O - goo
— =+ 3.27
RT <0Cos Tp Cos 1= (%wo—%00)Cos (3.27)

whereW andO stand for water and osmolyte respectively. The solvatiatufes
strongly depend on the osmolyte concentration, and theréfgo and %oo will
also depend on osmolyte concentration, leading to a coatplicconcentration
dependence of%yvo — %oo) in general. A comparison between equation (3.27)
and experimental data confirms this statement.

Recently Rosgest al. have built a statistical mechanical theory to study the
nonideal behavior of solutions with different concentrasi of solutes such as salts
and osmolytes [104, 105]. The chemical potentigl of the osmolyte (to the first
approximation) is given by Rosgehal. [105]:

Hos = HS+ RTIn <ﬁi%> (3.28)
where the constan¥; is the effective molar volume of the osmolyte apf is

the standard chemical potential. By taking the derivativhe chemical potential
(equation (3.28)) with respect to osmolyte concentratigrwe find:
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1 aI«los> 1 Vl
— =+ — 3.29
RT < 0Cos Tp Cos 1-ViCos ( )

By comparing (3.29) with equation (3.27) one finds that thpaapnt hydrated
volume of the osmolyt¥; to first order is equal t6%vo — %oo). This conclusion
provides a simple first order interpretation of solutiondebr for osmolytes.

Equation (3.29) is applicable to a wide range of osmolytek\ans a constant
in this first order expression of the chemical potential [L@onsequently, the dif-
ference between osmolyte hydration and osmolyte seletaiion, (4yvo — %o0),
must not depend on the concentration as well. That is, ajin@msmolyte hydra-
tion %yo and self-solvatioridpo can individually be a function of concentration,
nevertheless their concentration dependence shouldlaautda (4vo — %oo) for
solutions that obey equation (3:28). This means despitéathi¢hat the individual
hydration and solvation correlations between osmolytesnantrivial, osmolyte
molecules can in principle behave thermodynamically aspeddent particles.

As mentioned above most of the studied osmolytes followfites order be-
havior. The rest of the osmolytes are well described by tbersk order approxi-
mation. However; urea has a trivial behavior, that is:

1 d“os) 1
— ~ 3.30
RT < 0Cos Tp Cos ( )

When we compare equation (3.30) with equation (3.27) we ls#eindepen-
dent of the urea concentration, hydration and self-sawatf urea are almost
equal, i.e. Yyo ~ Yoo. This ideal behavior is a special case of the first order
behavior.

So far, we discussed that the Kirkwood-Buff theory alongwidblen’s theory
of solutions provide information about structural featuod osmolyte solutions.
Now, let us consider three-component solutions, includirger, osmolytes and
proteins. If we assume that the protein concentration is tben we can write
its chemical potentialyyo, @s a function of the osmolyte concentratig as the
following [106, 107]:

1 [ JdUprat > “Ypw — 9po
— = 3.31
RT < dCos J1p 1= (%vo—%00)Cos (3.3
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The denominator in equation (3:31) contains merely infdionaabout the struc-
ture of the bulk solution, i.e. the Kirkwood-Buff integrdts osmolyte self-solvation
%00 and osmolyte hydratiofiyo (equation(3.27))

1 1 aI«los>
= — 3.32
1~ %o — %o0)Cos RT(acos o (3:32)

However; the numerator contains the Kirkwood-Buff intégifar the protein hy-

dration,%p\, and osmolyte solvation of the proteitipo. In three-component so-
lutions the differences between solute-macromolecule veaigr-macromolecule
interactions have thermodynamic effects that depend artesebncentration and
are characterized quantitatively by preferential intioaccoefficients. The pref-
erential interaction parametelrg, with i = 1,2,3 (1 for water, 2 for protein and 3
for osmolyte) are defined as partial derivatives that spebi¢ dependence of the

molality of the smaller solute on the macromolecular molat fixed temperature
and pressure, that is:

. O Uz
= <R>T,Rmz (3.33)

wherem, is the moles of the protein per Kg of solvent. Moreover, thedprct of

the differenceépyw — %o and the osmolyte concentratiog, gives the preferential
interaction parameterI;;, = Cos(%pw — %po) [108--110]. To determine whether
a cosolute is stabilizing, one has to evaluate the proteigterence to have posi-
tive correlations with water or with osmolyte. On the othand the preference of
the protein determines the sign of the solvation expressfow — %o) or equiva-
lently, the sign of ,,. The denominator in equation (3'31) is always positive, and
it can only modulate (up or down) the sensitivity of the protehemical potential
with respect tags.

The inverse Kirkwood-Buff theory [111] allows for a numexicletermination
of the Kirkwood-Buff integrals?, g from experimental data. Recent MD simula-
tions on the preferential interaction parameters of RNamedARNaseT1 in aque-
ous urea and glycerol provide important information abbatthermodynamics of
the protein solvation [1:12]. However, one should bear indrtimat these results
were all under the limiting assumption of ideal solution ditions. This limitation
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can be serious in some cases which can have a major impace @oliation of
proteins. In the case of the denaturant urea however, dif@sian almost ideal
behavior, the simulation resulis [.12] are valid over adargnge of concentration.
However one can still derive general, system-independentepts about the
impact of the structure of nonideal solutions on proteififitg. The protein sta-
bility can be determined by the Gibbs free energy of unf@gdiblG = RT InK,
whereK is the equilibrium constant. Moreovel]G = RTInK can be derived
using the differences of chemical potentials of the native the denatured state.
By taking the difference between the native and the dendstae AR, in (3.31)
one obtains the derivative), of ARG with respect to osmolyte concentration:

B (dan) m  AY(%ew —%ro) (3.34)
TP

0Cos " RT 1—(%vo—%00)Cos
Experimental results show that threvalue of protein unfolding is constant and
negative in sign for urea, and does not depend on the ureagwwation [113-115].
Moreover, themvalues for protecting osmolytes are positive in sign, amustant
[116, 117]. By combining (3.32) and (3.34), one can find thpethelence of the
solvation preference of the native state compared to th#teofdenatured state,
AR (%pw — “%po), on them-value:

m

AR (Fow —Fpo) = 75— (3.35)

(‘3 '”COS)T,P
The solvation preference relative to that at OM osmolytavsmgby:
D _
N (TPW — 99P0 ) cos=0 (alngsos>Tp
5/—105 o . . . . .

where <"'”°°S)Tpc05:o = RT. In the above equation, the derivative is given by

(3.29). Bolen compared the change in solvation preferefipeoteins for several
osmolytes as a function of osmolyte concentration and caiecl that in the case of
stabilizing osmolytes, except glycine, the slope is exiregy steep which means
that the concentration dependence is larger in comparsamea. Although in
case of urea the solvation preferences does not vary mucthtket changes of
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urea concentration, in case of protecting osmolytes, hewdve protein solvation
preferences change significantly as the osmolyte condiemtria increased.

3.4 TheChemical Potential M odedl

In this section we discuss Minton’s approach to the probléeravding [66]. In
this treatment, the native state of the protein is denoteld,lgnd thath nonnative
conformational state blp;. The main characteristic of nonnative states is their radii
of gyration, that is, each nonnative state belongs to a sebhative states with
the same radius of gyration, denotedRy;. The chemical potential of the native
state is given by:

Un = S +RTIncy + RTIny (3.37)

wherep is the chemical potential of the native state at conceomadf unity in
ideal solution where there is no solute-solute interactigris the molar concentra-
tion of the native statgg the thermodynamic activity coefficient of the native state
in real solution Rthe molar gas constant, afidhe absolute temperature. To write
a similar expression for nonnative states, we need to ch@oskerence nonnative
state, namelyy. In this model, the reference nonnative state is the statehvid
most abundant in ideal solution and under the selecteda@miental conditions.
The chemical potential of an arbitrary nonnative sfatés then given by

Ui =3 +RTIng +RTIny (3.38)

wherepg is the chemical potential of the reference nonnative stateracentration

of unity in ideal solution, and; andy, are the concentration and thermodynamic
activity coefficient of statd; in real solution respectively. The fact that we can
assign a single standard state chemical potential t@;allllows us to take the
differences between the chemical potential of any two ntiveatates at equal
concentrations as the differences in the activity coeffitse For instance when
G =Cj=C
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A (©) = i(c) — pi(©) =RTIn I (3.39)

14
However, we know that at equilibrium, the chemical potdrnbiaall species
should be equal, therefore from equation (:3.38) we find tbaahy two species
we have:
S_» (3.40)
C ¥
The fraction of staté among all denatured states at equilibrium is then:
. ~1
G _ M (3.41)

f. -

Moreover, sincéX) = Z; f; Xj, where() denotes the mean value aXds any state
property, from(3.41) we find:

N

— 3.42
() Syt (3.42)

where(yp) is the mean activity coefficient of all denatured states/amglthe total
number of denatured states.

At constant temperature, pressure, and solvent condittomglifference be-
tween the chemical potential of the two standard stdtasdDg should be constant
and therefore a thermodynamic constant is defined as tlosviol):

. US — KR yic
K* = — = 3.43
exp( - ) e, (3.43)

Let fy be the fraction of protein in the native state, thereforefthetion of

denatured proteinfp, is then equal to + fy. We can then define the equilibrium
unfolding constant of the native state as:

fo  Zic an W
Knp=—=—=K'A— 3.44
ND =T o 6] (3.44)

and also a root mean-square radius of gyration of the desthiate as:
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REMS — (R2)Y2 = (3 f;R% ;)2 (3.45)

For the rest of this work, the value of quantities in the @il(ideal) solution
are indicated with a superscript “0”. Singg = 1 by definition, it follows from
equations (3.42) and (3.44) that:

Kno Syt
K yNZi(VO)fl
Minton treats a denatured protein as a random coil or fredhygd chain [118].
According to Flory and Fisk [1:19], the probability distritan of the radius of
gyration,Rg, of an ideal chain is given approximately by:

P(Rg) :A<%>3exp<—;%> (3.47)

where (R%) is the mean-squared radius of gyration @i a normalization con-
stant. More recently, Lhuillier [120] proposed the follogi probability distri-
bution of the radius of gyration of a nonself-intersectingymer chain in three
dimensions:

(3.46)

P(Rs) = P(R5) exp [—B <4r515/4 + Gr—:z - 2>] (3.48)

whereRy is the radius of gyration that maximiz€Rg), r = Rg/Rg andB is the
scaling parameter.
From equation (3.420) we have:

s _ P(Rap)
— 0 _ ) 3.49
d ¢ P(Rgj) (3.49)
becausgf = 1. By combining equations (3.48) arid (3.49) we get:
—15/4 5/2
ar. 6r:
Iny{’:B( r'5 +r'T—2> (3.50)

wherer; = Rgi/Rgo. From equation (3.39) we have (the authors must have as-
sumed that the concentration of state the same before and after transfer):
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yi(@) = v."exp<A‘;i—¥p)> (3.51)

whereAp;(@) is the transfer free energy of a polypeptide chain with ausdif
gyration Rgj to move from a solution with no cosolute to a solution contajn
inert macromolecular cosolutes with volume fractipn

Minton then made estimates of the contribution of the exatLidolume inter-
action to the transfer free energy, using two different ni®der the polypeptide
chain. The first model is called the Gaussian cloud. In thislehahe polypep-
tide chain is taken to be a spherically symmetric cloud oidtess. At any given
point inside this sphere with a distanggfrom the c.o.m. of a polymer chain, the
average density of residues is given by the Gaussian fum|it$3]:

p = Aexp(—B?r}) (3.52)

whereB? = 3/2R2, A = n[3/2nRZ]%? andn is the total number of residues in the
chain. For polymer chains in a good solvent the semiempiiicection in equation
(3.52) provides a reasonable description of the densithethain. To obtain the
contribution of the excluded volume interaction in the #f@n free energy, Minton
calculates the probability for a rigid cosolute to penetiata certain distance in the
cloud without intersecting any residue, and then integrater the whole volume
of the cloud.

The second modelis called the equivalent hard sphere middet, the polypep-
tide chain is taken to be an equivalent rigid sphere haviagthresponding radius
of gyration. The covolume of this rigid sphere and the handigia cosolute are
calculated in the conventional manner [121].

Minton calculated the properties of the denatured state8dcstates of four
proteins withRg values spaced logarithmically in the range between 0.4 ahd 1
times (R2)Y/2. Calculations show that increasing the density of stateioarthe
range ofRg does not change the final results significanyﬂlwere calculated using
equations (3.49) and (3.50), were then calculated as a functiong@for each of
the discussed model§y) was calculated using equaticn (3.42) with= 30 and
Vi was calculated using equation (3.43).

Furthermore, the results indicated that negligence oicsexclusion between
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non-adjacent residues results in a reduction-60% in the difference between
the free energies of the unfolded and native states ap &l0. In the absence
of this long-range steric repulsion the equilibrium averagnformation is more
compact. When long-range intramolecular steric exclugameglected, at higher
@ a significant fraction of the equilibrium ensemble of ung&ddprotein havdg
that is close to or even less than that of a sphere consistiag equal number of
close packed residues [2.22], which is not realistic.

Moreover, the calculations in both models discussed ahwdiedte that high
concentrations of hard sphere or a hard rod cosolutes sttiadiia stabilizes the
native state of a dilute protein in comparison to its deretistate. For a givep
of cosolute, the magnitude of the stabilization dependsifsigntly on the size of
the protein relative to the solute.

It should be emphasized that neither of these models preadealistic picture
of the excluded volume interaction between the polymer aridié cosolute for
all accessible radii of gyration. However, the Gaussiamudlmodel is a good
approximation of excluded volume interaction for largeiiradl gyration, that is
when the protein is in nonnative states. Moreover, the edgit hard sphere model
provides a more realistic picture when the radius of gyraisssmall which means
when protein is in the native state. Therefore the comhinatf these two models
gives the limiting estimates of the magnitude of the exailid@lume interaction.
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Chapter 4

Thermodynamics of a Polymer

4.1 Measuresand Statistics of Polymer Size

In this chapter | will investigate the statistics of an isethpolymer in a theoreti-
cal framework, which facilitates the study of the effectsfmolytes on polymer
collapse.

Our focal point is to find an appropriate theoretical framdwfor describing
the statistics of polymer. The development of a theory detailing the thermo-
dynamics of conformational ensembles of homopolymers leas lthe topic of
research interests. As mentioned by Chan and Dill in theieve scaling of poly-
mer size with polymer length provides a suitable probe ofiditerre of interactions
between polymer and its environment [122--124]. In an exterstudy Flory has
shown that for a chain with lengid the average radius of gyratioRg, scales ac-
cording toRy =IN" [125, 126], wheré andv are determined by the characteristics
of the solution and dimensionality. For instance in threeatsions when polymer
is in a good solvent ~ 0.6 and for a polymer in a bad solvent~ 0.34.

Another quantity that is usually used in the literature as lthear size of a
chain is its end to end distance, which is the distance betwlee first and last
monomers. However; neith&; nor the end to end distance can precisely capture
the right features of a chain. Although when the chain is onaahinto a compact

1A version of this chapter is in preparation for publicati 6 [
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conformation the radius of gyration might be a suitable gtato measure the
linear size of the chain, but as the polymer expands to moe&ched out confor-
mations theRy description fails to represent the right size of the chaor.ifstance
in the limit of a completely expanded rod-like conformatlﬁmstimatesﬁ as the
linear size of the chain instead ofwhich is the contour length of the chain. On the
other hand, the end to end distance description provide®mnehle measurement
of the linear size of an expanded chain whereas in case of paminohain many
conformations lie outside the end to end sphere, which isiarspwith its center at
the center of mass of the chain with radRig.. There are numerous conformations
of the chain withRge ~ 0 whereas even in the most collapsed state a polymer in
principle cannot get smaller than a certain size, usuallgrgbyRy [ N1/3,
Furthermore, the likelihood of close approaches betwees pathe polymer
non-local in sequence depends on the effective polymeitgtangpacking fraction.
The density is given by the number of monomers divided by thlame of the
polymer. The volume of the polymer may be estimated by a sphéth radius
given by the end to end distan&ge or the radius of gyratiomiRy, however many
configurations will have substantial amounts of polymesiig of these spherical
approximations. We thus seek improved measures of the wohfrthe polymer.
Accurate measures of polymer size are important becauselin@e occupied
by a protein changes dramatically during folding or coleapSuch improved mea-
sures facilitate an accurate statistical mechanical gegar of polymer-osmolyte
and protein-osmolyte mixtures. One of our intents in thiskie to inspect through
various possible quantities that represent the correetdafithe polymer and hence
provide a more reasonable description of the polymer statis

4.1.1 Sef-Avoiding Random Walk

The end to end distance probability distributid?(Ree), of a freely jointed ideal
chain converges to a Gaussian even for chains as small asiti0ee [125, 127].
However for polymer chains undergoing random walks in dish@ms less than 4
the end to end distance probability distribution of a chaimé longer Gaussian
when excluded volume effects are present [128-131]. Thiststa of a poly-
mer is then often approximated by that of a self avoiding camdvalk (SAW)
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on a hypercubic lattice. The functional form BfRg«e) for an excluded volume
chain has been investigated using both Monte Carlo sinomgt[132] and an-
alytical approaches [133, 134]. Here the results from Mdéelo simulations
and Lagrangian theory approaches are in excellent agradorefvo and three-
dimensional chains. A scaling law for the distributiB(Rg«e) has been derived by
des Cloizeaux for an on-lattice SA\V [1.34]

1

=7 —Cple (4.1)

P(N)

wherep = % in which r is the end to end distance of the chain affd= Q
The mean-squared end to end distance is givetrby= B2(2N?" where/ is the
bond length (taken to be unity), the exponent 0.59 and the prefactdd = 1.2
is a number that is important for quantifying return proliabs. We take this
value from end to end distance data in Monte-Carlo simulatiaf off-lattice self-
avoiding chains of various lengths [Z.35C is a non-universal number of order
unity.

For an ideal random walky = 0.5 andB = 1.0; values ofA, 6, andd are
given in table 4.1 for comparison. The parameieand exponent® and d are
universal, that is they are the same for all on-lattice SAW’a given number of
dimensions regardless of chain length. The universal petensifor a 3-D SAW
are summarized in table 4.1.

The configurations of real polymers are better described fblatice self-
avoiding random walks rather than on-lattice models, whittbw the angle be-
tween three consecutive monomers to have any value camsigté steric volume
constraints. We have written a MATL/¢Balgorithm to generate off-lattice SAW
conformations by the well-known pivot algorithm, which Hzeen shown to deal
effectively with the attrition problem for SAWs [133, 137Dther generating al-
gorithms which solve the attrition problem are also widebgdi [133 129]. The
attrition problem corresponds to the fact that for a polytoeavoid a sterically-
excluded region, the appropriate boundary condition spads to that of an ab-
sorbing boundary. Any generated conformation which patedrinto the bound-

2The MathWorks, Natick, MA.
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ary must then be removed from the statistics. Thus in gengrabnformations
of a self-avoiding polymer, any conformation of the polyrtieait by chance wan-
ders into the sterically excluded region correspondindnéodreviously generated
monomer positions must be eliminated, and the walk musttheraie-initiated or
appropriately reweighted [140]. Walks that survive thisqass become exponen-
tially rare as the chain length increases.

The pivot algorithm is implemented for off-lattice SAWSs bysfigenerating a
viableN-step SAW as follows. Thiet 1th residue is placed a distantom theith
residue at random angle; if the distamgg, j for any j <iis less than &, wherea
is the monomer radius taken here tode- //2, the walk is canceled and restarted
until a SAW of N steps is generated. New conformations are then obtainedrby p
forming random symmetry operations at random positionagatbhe chain. These
symmetry operations include rotations around the pivobtpwith arbitrary Euler
angles. Because the pivot algorithm generates radicdligreint conformations,
after ~ N%1° moves a globally different conformation is achieved [137].

To see the effects of a self-avoiding walk versus a refledtmghdary condition
on SAW statistics, we have also generated random walks usingive growth
algorithm that corresponds to a reflecting boundary camliéis follows. Walks
are generated as above, with the 1th residue placed a distanédrom theith
residue at random angle; but now if the distance ; for any j < i is less than
20, only the last step is canceled and a new step is attemptéitiaumalk of N
steps is generated. The process is then repeated from thstdijpsto generate a
new conformation.

Using the above generating methods (foe= 50,100,200,500,700,900), we
have found that the end to end distribution for an off-la&t®AW has the same
functional form as the on-lattice SAW in (4.1), however wiifferent universal
exponents. These are summarized in tablz 4.1.

Figure 4.1 compares the end to end probability distributiéran on-lattice
SAW and an off-lattice SAW for a 100-mer. As a check, figure ghdws that
on-lattice SAWs that we generated using the pivot-algorittecover exactly the
same set of universal parameters for an on-lattice SAW agedien previous stud-
ies 134].

The quantityA and exponent® and 8 are universal, that is they are indepen-
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Figure4.1: A comparison of the end to end probability distribution of an
on-lattice SAW withN = 200 (red curve is obtained by using the des
Cloizeaux functional form in equation (4.1 using the welblvn ex-
ponents in table 4.1 and red circles are data from the oicdapivot
algorithm) and an off-lattice SAW (blue curve is taken ageam equa-
tion (4.1) using the exponents in table 4.1 and blue cirdleslata from
the off-lattice pivot algorithm). This fitting is done forsaral values of
N to give the exponents in taktle 4Ris in units of angstrom.

dent of chain length, however they differ for on- and oftita walks and are less
universal than the Flory exponewnt which is the same for both on- and off-lattice
walks (059+0.01).

4.1.2 Off-lattice SAWs from Discontinuous Molecular Dynamics
Simulations

Discontinuous Molecular Dynamics (DMD) is an efficient nmththat has been

used to study protein folding ara initio protein structure prediction [141-1.46],

protein aggregation [1.47, 148], and the effects of osmebytetein interactions; [145].

A brief description of the DMD method for freely jointed paoher chains is pre-
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Figure4.2: On lattice saw folN = 200 using the theory and pivot algorithm.
The parameters of the fitting curve are as the followiAg: 0.144, 6 =
2.269 6 = 2.45 and the value of these parameters in the literature are:
A=0.144 0 = 2.269 6 = 2.43. Ris in units of angstrom.

sented here (more complete descriptions of DMD methodsdiynpers and pro-
teins are contained in the above references and in the appeide used DMD
simulations for the purpose of generating polymer configuma. In our model
the polymer is a freely jointed chain &f beads or monomers ardl— 1 joints,
wherein each monomer is represented as a hard sphere. Tdedbrads i and j
are constrained to be within 10% of an average distafidey an infinite square-
well potential:

o, r <0.9¢
w9 ={ 0, 09 <r<1l (4.2)
0, 1LuU<r
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where/ = 1. Two non-bonded atoms i,j may interact by hard-spherenpiate
(purely repulsive) with a hard-core radius:

_ ©, I < OHs
uinjon bond _ ) (4.3)
0, ous<r

whereoys is the hard-sphere diameter of a monomer. In this work weset= .

Using these parameters we have performed DMD simulationsoomopoly-
mers of length 50, 100, and 200 with the above potentials, @mérmation of
SAW statistics generated by the pivot algorithm mentiornsova.

The system is simulated at a finite temperature (in pradiiegas set to 1K
here, however since there is no interaction energy-scala farely self-avoiding
polymer, any finite temperature will generate the same ibgiuim ensemble).
Temperature equilibration is achieved by the ghost particethods. Moves are
generated by integrating Newton’s equations and consgmviomentum and en-
ergy for inter-particle collisions. Statistics such as pinebability distribution of
the end to end distance are calculated by samplif@®d.000 conformations for
each polymer chain length.

A plot of the end to end distribution for a walk of length= 200, as generated
by the pivot algorithm, naive growth algorithm, and DMD siiations, is shown
in figure 4.3. As expected, the DMD simulations reproducestimee statistics as
those of the pivot algorithm for a continuum SAW.

To determine an accurate measure of the volume occupied blymer, we
considered four different ways to enclose a specific confion of polymer. Fig-
ure 4.4 depicts the four different models: (a) The end to éstduce model, which
approximates polymer size by a sphere centered at the adfnt@ass of the poly-
mer, having radiuRge; (b) The embedding sphere model, which is a sphere with
its center at the c.o.m. of the polymer and radRis- \?f —?com\ wherer; is
the position of the farthest monomer from c.o0.m.; (c) Thet€&aan box model,
which is a box oriented in a fixed Cartesian frame of referemgéh volumev

given by [Xmax — Xmin| X |[Ymax — Ymin| X |Zmax — Zmin| Where xmin and Xmnex are the
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Figure4.3: The end to end distance probability distribution of a cauntim
SAW with N = 200 using the naive growth algorithm (black diamonds),
the pivot algorithm (green diamonds) and DMD simulation®mn di-
amonds). The naive chain growth algorithm with effectiveaing
boundary condition when dead-ends are encountered dogsaade
the correct statistics of a SAW. The effective absorbingrioiauy con-
dition of a self-avoiding walk shifts the distribution tardger values of
end to end distance. The pivot algorithm and DMD simulatishsw

essentially the same statistid®is in units of angstrom.

x-components of the position vector of the monomers withllestaand largest

components along the x-axis correspondingly (the sameitiefimpplies iny and
z directions); (d) The principal box model, which determipagymer volume us-
ing a box aligned along the principal axes of the polymer icheeonformation,

having volumev = |F 1max — Mmin| X |F2max — F2min| X [F3mex — 3min| Wherermin, and
I'max are the components of the position vector of the monometssmitallest and

largest components along the first principal axis respelgtiithe same definition

applies in second and third principal axis directions).
The principal box volume correlates with the steric volunighe polymer,

but is always larger than the steric polymer volume (see dizub). The steric
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molecular volume may be calculated by measuring how manycesrof a dense
cubic lattice happen to be within a region bounded by a sertftermined by
tracing a probe of given radius over all of the monomers ctistg the polymer.

Figure4.4. The comparison between different ways of measuring theofize
a chain. (a) the end to end distance model, (b) the embedgimgyres
model, (c) the Cartesian box model and (d) the principal bogeh

Figure 4.6 compares the effective diameter probabilityrithstions using dif-
ferent models of the size of a 100-mer. Employing the lettdation above de-
scribing the four size measures, the effective diameteesgmting the linear size
of the polymer for (a) is given bgles 1 = 2Ret ¢, for (b) bydes s = 2Rand for (c) and
(d) by def r = (2)/3. We choose this last equation rather tidany = v/ in order
to compare diameters of effective spheres for all measUi@sompare spherical
measures for all four methods shown in figure 4.6, we use &ctafé sphere for
methods (c) and (d) which has the same volume as the fixeceneerframe or
principal axes box respectively. However it is the voluntbeathan the linear size
which enters into the analysis below.

For many conformations the end to end distance descripti@s thot accu-
rately represent the size statistics of a polymer, sincestiteto end distance of a
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Figure 4.5. Molecular volume \mo ) versus principal box volumevg,). The
principal box volume correlates with the steric volume @ golymer,
but is always larger than the steric polymer volume. Thdcstaolec-
ular volume may be calculated by measuring how many vertes
dense cubic lattice happen to be within a region bounded byra s
face determined by the tracing a probe of given radius ovesfahe
monomers constituting the polymes, andvyyg are in units ofA3.

polymer can be zero, whereas even in the most collapsedrooation the real size
of a polymer cannot be smaller than/N/3. The embedding sphere and Carte-
sian box models overestimate the size of the polymer, asea&edn in figurz 4.6
and therefore cannot be considered as a good measure of¢hef$he polymer.
Moreover, we have calculated the probability distributadrihe effective diameter
of the gyration tensor volume which diss ¢ = 2(,/€5 + €5+ €5) whereey, e, and

g3 are the eigenvalues of the gyration tensor of the polymer.it &an be seen
from figure 4.6 numerous conformations of the polymer haxgelaprincipal box
diameter than the effective gyration tensor diameter, lvmeans that the gyration
tensor model underestimates the volume of the polymer. eftwe, for the rest of
this work we useéless = (6V—7;’b)1/3 as the suitable linear size of the polymer, where
Vpp is the volume of the principal box enclosing the polymer, aedceforth we
replacevp, with v.
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Figure4.6. The effective diameter probability distribution of a 10@m
Green: effective principal diameter probability distiilom, Orange: ef-
fective random box diameter probability distribution, Bitembedding
sphere diameter probability distribution, Magenta: thd tmend dis-
tance probability distribution using the pivot algorithBiack: radius of
gyration probability distribution and Brown: gyration t&r probability
distribution. Diameter is in units of angstrom.

The effective volume containing the polymer is then the rwduof a box
aligned with its principal axes, that encloses all the moa@nWe have performed
DMD simulations for homopolymers with different lengthsdazalculated the vol-
ume of the polymer in each conformation. Figure 4.7 displiwgsvolume prob-
ability distribution of a 50-mer, 100-mer and 200-mer. Bywaufitting the DMD
data, we have found that a universal expression that desditile volume probabil-

ity distribution of homopolymer®(v) is analogous t®san (Ree) except for a shift
in the volume variable — vg:

— ’ 7 V-V o
P(uN) = O(* )% e (%) (4.4)

The values ofd’, 8’ andd’ in equation (4.4) are summarized in tadle 4.1. The
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quantity vg is the principal volume of the collapsed conformation of fodymer
which is related to the number of monomel, and the bond length, asvy =
c/3N? wherea = 1.924 0.02 andc is a constant of order unity. The quantiy
is given by+/(v2) = ¢/¢3NY with y = 2.0+ 0.04.

Equation (4.4) includes a nonzero offsgtto account for the fact that the
polymer volume can never be smaller than the fully collapggdme. This term
is more appropriate for a metric accounting for polymer waduthan for end to
end distance because the end to end distance can in priti@ptero while the
polymer volume cannot. The offseg improves the fit to simulated data. Taking
equation (4.4) without the factor g§ results in the fit to the data given in figure 4.8.
The degrees of freedom in the equation increases from 1®ddta points minus
6 degrees of freedo®y, 6’, &', y, andyvg or ¢) to 135. This gives an F-value of 122,
so that the probability of expressicn (4.4) without the dacif vo being correct is
Foeie = 0.008.

To compare with the previous distributions such as the enentb distance
distribution, we define = (2%)/3 to obtain the probability distribution of the linear
size of the polymer aB(r) = P(v(r)) |dv/dr|, which is a function of the form:

P(r,N) = 4m2C(. ‘Z“)eap(_A(f ‘Z“’

whererg is the linear size of the collapsed polymer and is givemgoy ¢l N2 with
A =0.64+0.02 and{ = +/(r2). The values oA, 8 andd are summarized in table
4.1.

)%) (4.5)

4.2 Thermodynamics of a Polymer

The grand potential is the natural free energy for desailonixtures of polymer
and osmolytes. We consider a box of fixed volume enclosingogejpr and os-
molytes system, and a subsystem with a permeable boundasyrtolytes, but im-
permeable to the monomers of the polymer, as shown scheathaticfigure 4.9.
Entropic considerations are very important in investigatihe effects of the
solvent on protein folding and polymer collapse. The fajddynamics involve a
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conformational search, guided by energetic bias, of allxad states. The confor-
mational entropy as a function of the polymer voluwis given by

S(v,N) = § —kglog(P(v,N)) (4.6)

whereS is the total entropy of the polymer akg is Boltzmann’s constant. Now
consider a polymer in good solvent where the monomers asett to each other
such that two non-bonded monomers in contact have contaegen<c. Two
monomersi and j are in contact ifli — j| > 3 and |ﬁ — rﬂ < re wherer¢ is an
interaction cutoff distance. In a mean field approximatio® humber of contacts,
n, of aN-mer with volumev is given by:

n(v) =zNn(v) 4.7)

where the constarttis the coordination number in a maximally compact configu-
ration, andn (V) is the packing fraction of the chain defined as:

N(V) = Nvm/v (4.8)

wherevy, is the volume taken up by each monomer, anid the volume of the

Table4.1: Values of parameterd, 8 and o for (a) end to end probability
distribution of an ideal random walk, (b) end to end prokigblistri-
bution of an on-lattice SAW, (c) end to end probability disttion of
an off-lattice SAW using the pivot algorithm, (d) end to enlpabil-
ity distribution of an off-lattice SAW using the naive grdwalgorithm,
(e) probability distribution of the linear size of the polgmusing DMD
simulations (equation (4.5)), (f) volume probability distition of the
polymer using DMD simulations in equation (4.4) and (g) vokiprob-
ability distribution of the polymer using equaticn (4.4xmout the factor
of vg to best fit the DMD simulations.

a b C d e f g

A | 1.5 | 0.144| 0.057+0.002 | 0.46+0.01 | 2.70+ 0.01 | 4.00+ 0.01 | 6.90+ 0.03
0.0 | 2.269| 2.40+0.01 | 2.1+0.01 | 2.38+0.02 | 2.50+ 0.02 | 7.50+ 0.02
6|20| 243 | 2.85+0.05 | 1.7+0.02 | 2.70+0.01 | 1.35+ 0.01 | 1.20+ 0.03

D
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principal box found previously. The interest in accurajgresentations of polymer
volume is justified by the fact that the number of pairwisetaots in a polymer
depends on the packing fraction which itself depends on the volume that the
polymer takes up.
In the mean-field approximation, the internal energy of thlper is given
by:
E(V) = —eZNn(v) = —ez2N?Vy /v (4.9)

The free energ¥ (v, T) of a homopolymer as a function of the polymer volume
v at a given temperature is given Byv) — TS(v), where the entrop(Vv) is given
in equation (4.6). In our model, the internal energy of theymer E(v) is given
by the number of contacts times the energy per contact, thus:

F(\,T)=—en(r <rev)—TYV). (4.10)

Here the quantity(r < r¢, V) is the average number of residue pairs within a cutoff
distancer, given the polymer takes up a volumee A contact occurs whefr; —
rjl <re.

In what follows, we find the mean number of contacts that waddur by
chance for a polymer having volumen(r < r¢,v). Because the number of contacts
varies between conformations, we found that the best ttatiwere obtained by
first finding the cumulative probability distribution foremumber of contacts of
all conformations that had a volunhess than a cutoff volumev,. The number of
contacts for conformations having volumewas then found as

n(re,v) = M aiVCP(r < e, V< V) — (4.11)
whereP(r < r¢, Vv < V) is the cumulative probability of having a contact within
for all conformations withy < v¢.

We enumerated the number of contacts of a polymer using DNDlsations.
Figure 4.10 shows the cumulative probability for two nomébed monomers with
li — j| > 3 to be within a distance,, i.e. P(|ri —rj| <r¢). The curves were obtained
by calculating the distance between all pairs separatediiee tor more bonded
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monomers |{ — j| > 3) for all conformations with volume less than the cutoff
volumev; and then normalizing to obtain the probability distribatio

Each curve in figurz 4.10 corresponds to a given cutoff voluiteexpression
that best describes the DMD simulation data can be writteérrims of complete
and incomplete gamma functions:

—(1+6)

- ) 1+9 1+9 r k)
P <rov<w) =S5 (r 50 - r )
whereé = /(r2) and the functionf (v) is:
f(V)=—2 4D (4.12)

(7)Y

where constantg, B andD are equal to 21, 115 and 478 respectively. Since
P(r < re,v< V) is the cumulative probability, the average number of cdstéar
conformations having volumeis then given by equation (4.11).

(V)

4.2.1 The Effect of Osmolyteson the Thermodynamics of a Polymer

In this section, we examine the statistical mechanics otumes of polymer and
neutral osmolytes, which are represented as hard spheielggr The polymer
and osmolytes interact only by hard-sphere (HS) potengiglilting in excluded-
volume effects, which we calculated using the free voluneetih HS systems are
efficient models that have been used to study dense gasegfaius,| and com-
plex liquid systems [149]. By studying the HS system we n&glgteraction en-
thalpy effects between polymer or protein and osmolvte [ 5@ we focus on the
often neglected excluded-volume features of osmolytedad stability. We be-
gin with the Percus-Yevick HS integral equation to detewmrtime compressibility
of a dense hard-sphere gas as a function of the packingdmnacirhiele [151],
Wertheim [152], and Carnahan and Starling [153] have foumdapproximate
closed-form solution of the HS Percus-Yevick equation Fa ¢ompressibility of
a dense hard-sphere gas:
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(4.13)

HereZ is the compressibility ang = No4rr3 /3V is the packing fraction of hard
spheres with radiug,. On the other hand from the hard-sphere equation of state,
the free energy is given by:

F— /dF - kBTN/Ed(p (4.14)

By substituting equation (4.13) into equation (4.14) weaobthe free energy of a
system of hard sphere fluid:

F=TN <|og(qo) + 1E(p+ (l_1¢)2> (4.15)

The first term in this expression is the free energy of an ideal In the low
packing fraction limit,p — 0, the second and third terms in equation (4.15) become
negligible.

To apply the above expression into our model of mixture of/par and os-
molytes it is important to note that = No4rr /3V, whereV, is the volume that
is available to osmolytes. Depending on the polymer corditiom, V, varies as
a function of the number of contacts, which is itself taken to be a function of
v. The volume of the system that is excluded to the osmolytesedses when a
contact forms, because the total depletion zone of two mensecreases when
they are closer than(B,+ro) [154]. In our model we take the following form for
the available volume:

4

whereVgsgem is the total volume of the system (the outer box in figure 4.9 the
principal volume of the polymemn(v) is given in equation (4.1.1), ang,, andr,
are the radii of monomers and osmolytes, respectiwglyis a purely geometrical
parameter that counts the gain in the available volume whedepletion zones of
two monomers in contact overlap, and is given by [154]:
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(4.17)

2 (fm+T0)2— %), 2rm<T < 2(fm+To)
Vdz =
0, 2(rm+ro) <r

wherer is the distance between two (spherical) monomers.

Since there are no interactions between the polymer anddimolgtes, the
final expression for the free energy of the mixture &f-aner andN, osmolytes in
a volumeVggem Can be written as

F = Fpoly(N, V) + Fosm (No, Va(V)) (4.18)

The free energy expression decouples into two separates teomesponding to
pure polymer subsystem and pure hard sphere fluid subsystawolumeV,. The
connection between these two terms is held merely in thendigpee of, onv.
Figure 4.11 shows how the presence of osmolytes stabiliwesdllapsed confor-
mations of a 50-mer. The contact eneegyetween monomers in the homopolymer
is taken to be & T, and the osmolyte packing fractign= 0.3.

In figure 4.11 the polymer in implicit solution without osmitéds (magenta
plot) shows a free energy minimum at high principal volumetaf polymer,y,
corresponding to an extended state. For osmolyte to polynoglomer size ratio
ro/rm= 0.7 (navy), the free energy has shifted to lower volume 12083, corre-
sponding to a stable collapsed polymer state. This showshbagresence of pure
HS osmolytes can induce polymer collapse by excluded vokffeets. Even more
remarkable behavior is observed when the size of the monisrdecreased, while
fixing the volume fraction atp = 0.3. The free energy profiles in figure 4.11 for
small osmolytest,/rm = 0.6 (black) and,/r,m = 0.5 (maroon) show that the col-
lapsed configurations are even more strongly favored. Guiltseshow that for a
given packing fraction of osmolytes, smaller osmolyteshetter stabilizers. This
is in agreement with previous theoretical results, for grensalculations done by
Takadaet al. confirms this conclusion [5.1, 62] and model calculationd.[6&ore-
over, Zhou has done both experimental and analytical Sualighe size effects of
crowders on protein folding and his results confirm that &nalsmolytes (Dex-
tran 6KD, 10KD and 20KD) have stronger effect than larger agtas (Ficoll 70
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and Dextran 70KD, 100KD and 150KLC) [1£5-157]. Tsa@l. have also shown
that for hard sphere osmolytes, the smaller osmolyte haargar protecting effect
per unit weight/volume concentration [7.58]. Saundetral. have further investi-

gated the effect of polyol osmolytes with different molesulveights (80 to 504
g/mol) on two conformational equilibria of iso-1-ferrioghrome ¢ and showed
that smaller polyols induce larger protein stabilizati®B)].
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Figure4.7. \olume prob-

ability distribution
of a (a) 50-mer, (b)
100-mer and (c) 200-
mer. DMD simulations
are performed for
homopolymers  with
N = 50,100,200 and
the volume of the
polymer in each con-
formation is calculated
(circles). By curve
fitting the DMD data,
it is found that a uni-
versal expression that
describes the volume
probability distribution
of homopolymersP(v)
is given by 4.4.v is in
units of A3,
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Figure4.8: \olume probability distribution of a 50-mer, and the fitsngsi
4.4 with (blue) and without (red) the factor @f. It can be seen that the
model with more variables (the shift factay) provides a more accurate
description. The F-value is 122, with associated cumudgtiobability
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Figure4.9: A schematic representation of the semi-grand canonicanseh
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Figure4.11: Free energy of a 50-mer with and without osmolytes present,
as a function of polymer volume as defined by the volume of tire p
cipal box. Magenta curve: without osmolyte; other curvegehas-
molytes present with fixed packing fractign= 0.3, but varying os-
molyte sizes, and thus differing concentrations of osneslytNavy:
50-mer and osmolytes with /r,, = 0.7; Black: 50-mer and osmolytes
with ro/ry = 0.6; Maroon: 50-mer and osmolytes with/r,, = 0.5. v
is in units of A3,



Chapter 5

The Effect of Osmolytes on
Protein Folding

In this chapter | will derive the free energy of an isolatedtpin and investigate
the changes in the protein free energy when osmolytes, venemodeled as hard
spheres are added to the system.

Proteins are polymer chains with selected attractive actans between their
residues so that they fold into one or a few specific confoinat 160--162]; min-
imal frustration enables proteins to acquire [163] andangl64] their native
structure, resulting in a globally funneled energy landscguiding the conforma-
tional search [£0. 165-173].The starting point of many theoretical models of
protein folding is the derivation of a free energy profile33173].

Our polymer model can be generalized to a protein model bingddfew ener-
getic terms to the polymeric energy. Following the formigiatof Bryngelson and
Wolynes [164], [75] we assign an energy-of, to a pair of amino acids when they
are in their native state and zero when they are not, whialehyawill resemble the
secondary structure energy. By entering explicit coopétatinto our model, we
mimic the idea that only formed secondary structure unitsczauple [177, 179].
Moreover, three-body interactions are added into the etiergontributions, by
including terms in the energy functional that are propowiao higher powers of
the number of native contacts than simply linear terms.

1A version of this chapter is in preparation for publicati 6 [
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In the previous section we found the total number of contasta function of
the size of the protein. The largest number of contacts spomds to the native
protein or fully-collapsed polymer, where the protein olypeer has its smallest
volume, that igymax = n(Vo).

In Figure 5.1 we compare the largest number of contacts gatue of a pro-
tein suggested in our model and the number of bonds made peomes in a
Hamiltonian walk ofN steps (on-lattice) which was studied by Douglas and Ishin-
abe [180]. For the most collapsed walk, the dependence diuh#er of bonds
made per monomez(N), in a Hamiltonian (dense) walk &f steps, orN is clearly
due to the fact that monomers on the surface have less cotieat in the bulk.
For three-dimensional systenzN) is given approximately by:

1
N
where Inf] means the integer part. From equation (5.1) we see that fibet ef
the surface on the number of contacts is quite important émetarge macro-

z(N) = =Int[2N —3(N+1)%3 4+ 3] (5.1)

molecules, ag(N) approaches its bulk value of two contacts per monomer rather
slowly, as~ 2 —3N~1/3,

We defineZ = n(v)/nmax @s the fraction of total contacts per monomer in any
conformation. As mentioned above there is an attractiveggregtributed to each
bond that is made between two non-local residues that taesot the polymeric
energy. Moreover, we defing = Q(v)/nmax as the fraction of native contacts
present in an arbitrary conformation of the protein whé®) is the number of
native contacts in a given conformation amgly is the maximum number of native
contacts. Finally the internal energy of the protein can bigem in the mean-field
approximation as [181]:

E(d,Z) = —Nmax&pQ
— Nex&s[(1— a)q+ a o]

— Nux&[(1—a)Z+aZ?]
2
_ —;{1 [(1-a)g+aq?]?} (5.2)

70



1.54

n/monomer

0.5 1

0 50 100 150 200
N

Figureb5.1: The largest number of contacts per residue of a protein €alcu
lated in our model (red) and the number of bonds made per menom
in a Hamiltonian walk olN steps (blue) which was studied by Douglas
and Ishinabe [180]. For the most collapsed walk, the depaedef the
number of bonds made per monomzi\), in a Hamiltonian (dense)
walk of N steps, orN is clearly due to the fact that monomers on the
surface have less contacts than in the bulk. For three-diimeal sys-
tems,z(N) is given approximately by (5.1).

wherees are the energetic parameters of the protgiis an energy scale for native
contacts& is an energy scale for contacts of any kind (native or noiv@gtand
& IS an energy scale for non-native contacts.is a measure of the amount of
three-body force present, when= 0 there are purely two-body forces, aad=

1 indicates purely many-body (higher than two-body) forcesVe assume that
each amino acid residue can takeliscrete states. The parameteresembles the
coordination number of a lattice. We take 10 available stpt residue consisting
of one native state and 9 unfolded states. The polymericgbdhte entropy of a
protein is consistent with the polymer entrof{Z) which was derived in previous
chapter. In order to finé as a function oZ we need to substitute(Z) into S(v)
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wherev(Z) is the inverse function oZ(v) derived previously), and agai® =
Nlog(v).

Furthermore, we have to count for changes in entr§gy due to different
ways of choosingmaxg native contacts frompZ total contacts.

Srix = Nmax(Z109Z — glogq — (Z — q)log(Z — q)) (5.3)

As discussed by Plotkigt al. [177, 182] the reduction in entrod, accounts for
the fact that a particular set of native contagigxq should be formed and finally
the entropy decreasy, of having a set of native contadigaxZ — Nmaxq that should
not be formed.

3
S = Enqu(logC—F logq) (5.4)
and
1 CZ
S =Nmex= | dxlog(1—x¥?) (5.5)
C Cq

whereC is a constant of order 1. The free energy of the protein is ¢fivan by:

F(Z,0) =E(9,2) - T(S(Z) + S+ Snix + S+ Sw) (5.6)

Figure 5.2 shows the free energy of a coarse-grained prati#in50 amino acids
andC =0.6,a =0.1,ep = 2.24, & = 0.6,5; = 0.9,T = 1L.51K. We can see that the
free energy has two minima at folded and unfolded stateseopitbtein.

We can now study the effect of the presence of neutral ose®iyh the pro-
tein folding. By employing the Carnahan-Starling free ggefor osmolytes as
mentioned formerly, the free energy of the system congjsbihthe protein and
osmolytes is given by:

F= I:prot (Za Q) + Fosm(NO,Va) (5-7)

whereVa = Viystem — N4 (r'm + 1'0)* + Nmax(VazzZ + VazgQ) -
The parametersy, andvy,q are average depletion zone volume for total and
native contacts correspondingly which are given by eqoa#1/). Forry, =
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Figure5.2: Free energy of a coarse-grained protein with 50 amino acids
using equation (5/6) witlC = 0.6,a = 0.1,6p = 2.24,& = 0.6,& =
0.5, =0.9,T = 1.51K. We can see that the free energy has two min-
ima at folded ¢ = 0.75,Z = 0.9) and unfoldedq = 0, Z = 0.65) states
of the protein.

0.48A andr, = 0.24A we getvy,, = 1A° andvy, = 2.243 (the values for, andr,

are unphysical values and are used purely in the contexeahtbdel). Figure 53
shows that by adding neutral osmolytes with packing fracgio= 0.12, the free
energy minimum shifts to high andg, and the folded state of the protein becomes
the stable state.
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Figure5.3: Free energy of a coarse-grained protein with 50 amino aditihs w
C=06,a0a=01¢,=224¢ =06,6=05¢=09T=15IK in
the presence of neutral osmolytes with packing fractgea 0.12 using
equation (5.7). We can see that the free energy minimunsdbifhigh
Z = 0.9 andg = 0.85, and the folded state of the protein becomes the
stable state.

5.1 Interactive Osmolytes

The stabilizing property of osmolytes has been shown toetate with the prefer-
ential exclusion of osmolytes from unfolded protein dorsanesulting in the pref-
erential accumulation of water (preferential hydratioeanan unfolded protein
[183,184]. This implies a net repulsive interaction betwstabilizing osmolytes
and protein, and indeed preferential exclusion has beemrstmarise from repul-
sive interactions between osmolytes and the backbone t#ipso/49, 185, 166].
Repulsive osmolyte-backbone interactions would raiseetitbalpy of a protein,
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and the increase in enthalpy would be larger for the unfolaté due to its larger
solvent exposed backbone area. Consequently the unfoldedveould be more
destabilized, stabilizing the folded native state.

In contrast to protective osmolytes that protect cells mgfaenvironmental
stresses such as high temperature, desiccation and mredsaaturants, such as
urea and guanidinium chloride (GdmCI), destabilize prseiThe interaction be-
tween urea and the protein is attractive leading to the mrefial accumulation of
urea in the vicinity of proteins [137]. The attractive uggatein interactions lower
the free energy of both the native and unfolded states, italiis larger solvent
exposed surface area, the free energy of the unfolded stateéred more compare
to folded state [£9]. Consequently, the addition of ureartiigin solutions shifts
the equilibrium to the unfolded state. The attractive iatgions between urea and
protein must overcome the entropic stabilization of thegiromentioned above.
In the process of denaturation proteins or nucleic acidsd@ireserve their tertiary
structure and secondary structure by application of sorterread compound, such
as a strong acid or base, a concentrated inorganic saltganiorsolvent such as
alcohol and chloroform. Denaturation of the proteins irvanlj cell cause disrup-
tion of cell activity whose characteristics range from logsolubility to communal
aggregation and possibly cell death.

So far we have studied the effect of neutral osmolytes, heweas we dis-
cussed above crowding agents in general can interact withoeaids of a protein.
To calculate the effect of these interactions on proteihiliiyg we need to measure
the surface area of the protein as a function of its total aitve contacts. In the
completely extended conformation, the surface ared\bhaer protein is given by:

A=A4rN(rm+rc)? (5.8)

where as mentioned abovg andr; are the radius of monomers and crowding
agents respectively. When a bond forms between two moneihersurface area
of the protein reduces by:

AA = mr? (5.9)

for 2rpm <r < 2(rm+rc) wherer is the distance between two monomers in contact
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[188&]. Therefore, for an arbitrary conformation of the giatwith nexZ number
of total contacts and.x number of native contacts the surface area is given by:

A=7N (4(rm+ re)? — Nire(122 Jﬂq))) (5.10)

where@ and% are average? for total contacts and native contacts. The difference
between these two parameters comes from the fact that rtive-cantacts have a
larger cut-off distance.

The interaction free energy here is very similar to the freergy of the ad-
hesion of gas molecules to a 2D lattice sites with bindinggney,. However;
the number of adsorbing sites available on the surface afiglesprotein that is
embedded in a sea of osmolytes with packing fraction of mmsa 80% is much
less than the number of crowding particles, and therefoeegood approximation
we can assume that all the adsorbing sites on the proteiacguare always occu-
pied by an osmolyte. This means that the number of statesrid the adsorption
entropy is zero. Hence we have:

e—spo/kBT

1+ e wo/keT (5.11)

Fint = (Eads) = EpoNs

whereNs is the number of the adsorbing sites on the protein surfaddsagiven
by %. The free energy of the mixture is:

F= Fprot (Z,C]) + FOSTT\(NO;Va(Zaq)) + Fin'[(z7q) (512)

Figure 5.4 shows the stability=(Ffoded — Funfolded) as a function o€p.

The reduction in entropy of the unfolded state due to osmslyesults in a
loss of folding cooperativity. This can be seen by invesingathe heat capacity
as a function of temperature as osmophobicity of the solvggt is varied. It
is clearly seen that there is a loss in folding cooperativilyen osmolytes are
stabilizing the native state, again due to the reductioroifarmational entropy of
the unfolded state. Conversely, there is an increase imfplcboperativity in the
presence of denaturant due to swelling of the unfolded jproteéigure 5.5 shows
the heat capacity plot of a protein with 50 residues in a bogroWwding agents
with packing fraction 30% anep, = —0.2,0,0.2 using:
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Figure 5.4: The stability of a protein with 50 residues as a functiorggfin
units of T.

d(E)  d Esexp(—F¢/ksT)+Euexp(—Fu/ksT)
dT dT  exp(—Fi/ksgT) +exp(—Fu/ksT)
whereE; (equation (5.2) withg = 0.1 andZ = 0.6) andE, (equation (5.2) with
g= 0.7 andZ = 0.9) are the internal energy of the protein in folded and urgdld
state correspondingly arfe (equation (5.12) witlg = 0.1 andZ = 0.6) andF,
(equation (5.12) witlg = 0.7 andZ = 0.9) are the free energy of the folded and
unfolded protein correspondingly.

We can compare our analytical result with the DMD all-atommigation of
the Trp-cage protein, a designed 20-residue protein. Titialiheavy-atom po-
sitions were obtained from the NMR structure (structure PDBB 1L2Y34) and
the missing polar hydrogen molecules are constructed ¢B33)].[ The resulting
structure is comprised of 189 heavy atoms and polar hydrag@ms (non-polar
hydrogen atoms are not represented), which in the disaomis model are repre-
sented as hard spheres. The energetic parameters thaedranube simulation
are explained in next chapter.

Cy = (5.13)
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Figure 5.5: The heat capacity of a coarse-grained protein with 50 antitsa
in a box of crowding agents with packing fraction 30% withiry, =
09 andC =10 =0.1,&, = 224, = 0.6,¢, = 0.9. Different curves
correspond t@p, = —0.2 (black),epo = 0 (red) andep, = 0.2 (blue).
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Chapter 6

Discontinuous M olecular
Dynamics Simulations

In this chapter an all-aton®o simulation of Trp-cage protein is discussed em-
ploying discontinuous molecular dynamics in an explicihimial solvent, using a
single, contact-based interaction energy between pratairsolvent particles.

Molecular dynamics (MD) is a very popular technique for diating the prop-
erties of large systems of molecuflz8y recurrently solving Newton’s equations
of motion, the trajectories of a group of atoms{1010°) are computed. As the
system evolves in time, its macroscopic properties can loelleéed by taking av-
erages of instantaneous properties. In general molecyteamndics simulations are
categorized as continuous molecular dynamics and disaais molecular dy-
namics (DMD). In the former, a continuous potential energldfsuch as Lennard-
Jones potential generates the force that acts on molectileseas in DMD, the
potential is discontinuous, for instance the hard-sphetential and the force is
impulsive. Since the time integration in DMD is very simpiieprovides the op-
portunity to explore phenomena that require long time scadgng relatively inex-
pensive hardware.

An effective denaturant or osmolyte solution can be congtidiby making the
interaction energy attractive or repulsive. A statistigechanical equivalence is
demonstrated between this effective solvent model and madevhich proteins

1A version of this chapter has been submitted for publicafimpublication [7].
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are immersed in solutions consisting of water and osmolyteenaturants. Anal-
ysis of these studies yields the following conclusions: &jmMOlytes impart extra
stability to the protein by reducing the entropy of the udéal state. This result
is in agreement with previous experimental studies, fomgla Gahlet al have
shown that the physiological osmolyte TMAO stabilizes arase (ONC) by de-
creasing the entropy of the unfolded state through a soblgipheffect [189] and
Milev et al have shown that both glycerol and sorbitol lead to a largeopptloss
in sequence-specific protein-DNA association of a comptExpmosed of the in-
tegrase Tn916 DNA-binding domain and its target DNA dupf(]. Zhou also
employed a very simple model to calculate the effect of maolecular crowding
on folding entropy [1E5]. 2) Unfolded states in the presesfoesmolyte are more
collapsed than in water. Dharral have combined experiment and simulation to the
effect of Ficoll 70 on the structure and function of phosgiiograte kinase (PGK)
[191]. In their paper Dhaet al show that the radius of gyration of PGK decreases
as the volume fraction of Ficoll 70 increases. Moreover §&igl have investi-
gated the consequences of Ficoll 70 on the 148-residueesitaghaina/3 protein,
Desulfovibrio desulfuricans apoflavodoxin, and observelé@ease on the size of
the protein (radius of gyration) as the concentration obFit0 increases [192]. 3)
The folding transition in osmolyte solutions tends to be lesoperative than in wa-
ter, as determined by the ratio of van't Hoff to calorimetitthalpy changes. The
decrease in cooperativity arises from an increase in nstiveture in the unfolded
state, and thus a lower thermodynamic barrier at the tiansihidpoint. Auton
et al have theoretically and experimentally calculated healue of RCAM-T1
induced by TMAO, proline and urea [193]. Thevalue is a measure of the fold-
ing transition cooperativity and has unitskafal /mol.M~1. They have confirmed
that the folding cooperativity increases in the presenaged and decreases in the
presence of TMAO and proline. Moreover, Baskalkbal have shown that TMAO
induces RCAM-T1 to fold in a cooperative manner, reachingaximum in fold-
ing at TMAO concentrations above 2.5 M [194]. Henkelsal also have shown
that Bacillus subtilis RNase P (P protein) which is predanity unfolded in 10
mM sodium cacodylate at neutral pH undergoes a cooperatldng transition
upon addition of TMAQO [195]. 4) Weak denaturants destabibmall proteins not
by lowering the unfolded enthalpy, but primarily by swedlithe unfolded state
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and raising its entropy. 5) The folding transition in demati-containing solutions
is more cooperative than in water. This result is in agreeméth previous ex-
perimental results, for example Autebal have shown that RCAM-T1 folding is
more cooperative in the presence of urea [193]. 6) Transfardoncentrated os-
molyte solution with purely hard-sphere steric repulsigmsicantly stabilizes the
protein, due to excluded volume interactions not presettténcanonical Tanford
transfer model. 7) While a solution with hard-sphere intBoas adds a solvation
barrier to native contacts, the folding is nevertheless temperative for reasons
1-3 above, because a hard-sphere solvent acts as a prptestitolyte.

The representative protein used in this work to illustrate effects of solvent
quality is a DMD all-atom model of the Trp-cage protein [138]designed, 20-
residue, truncated construct exhibiting cooperativeifgido a stable structure at
physiological pH. Initial heavy-atom positions were oh&ad from the NMR struc-
ture (structure 1 of PDB 1L2Y(35)) and the missing polar loggm molecules are
constructed as in reference [133]. @0 model potential [196] is implemented by
setting the non-bonded square-well depthto —&g, for all i j pairs in the equili-
brated structure with van der Waals overtag 1.20i‘§dW, whereg'™ is the sum
of the van der Waals (vdW) radij +r; for each atom; for all other non-bonded
ij pairs, the square-well depth is set to 0, so that these atinm & purely re-
pulsive. The energy scale is set by e contact energy as in previous DMD
studies [133. 197]; thus simulations are performed withGbecontact energy;,
set to—&5, = —1, and all energies and temperatures are scaled in unigqof
(E* =E/€eco andT* = kgT /€co)-

The Go model protein in explicit solvent is implemented by placthg Trp-
cage protein in a 40x 40A x 40A box, along with a variable number of spherical
solvent molecules randomly inserted without hardcore laper Standard peri-
odic boundary conditions are implemented. A typical sirtiataconsisted of 1000
spherical solvent particles of radiuss (the approximate radius of water). This
is about half the number of water molecules in a 55M solutimnaf(404)3 box.
We employ such a dilute concentration for computationalveaience; physical
concentrations have collision times sufficiently short@asike such simulations
prohibitively slow. Diluting the concentration weakeng tiffects that would be
observed by varying solvent qualities from those at 55M, ithadhis simplification
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effectively places lower bounds on any trends that we ptedould be observed.
For this reason we find the approximation acceptable as yt stnéngthens the
conclusions of this study.

Solvent molecules interact with both protein moieties aritth wach other by
a square-well potential with well position given by8g7® < r < 1.2¢7° and well
depth given by the parameteg or € = &xs/Eco Wherex may be either a protein
atom p or another solvent residue If r < 0.80ixjs the potential is infinity. For
solvent-solvent interactionsﬁ‘ is the vdW diameter of the solvent, which we gen-
erally set to A, roughly the size of a water molecule is the solvent-solvent
square-well depth in units of th&o contact energy. For solvent-protein interac-
tions, ai‘j’s = (gVW 4 G}Na“*)/Z is the average vdW diameter of the protein-solvent
ij pair, whereainW is the vdW diameter of thigh atom of the protein according
to CHARMM potential set 18 [147], and}"’ater = 3.0A is the vdW diameter of the
jth water moleculeg is the protein-solvent square-well depth in units of @
contact energy.

The quantityeys is @ measure of the solvent quality. As shown below through
a correspondence between explicit and implicit solute, & well-defined function
of solute interactions with the protein. In this study thévent quality is varied
from a minimum value of-0.8 representing a strongly denaturing aqueous urea
solution, to a maximum value of1.0 representing a strongly protein-stabilizing
aqueous osmolyte solution. We may consielgr= 0 as representing a reference
solution of “pure-water” (this is still stabilizing for thprotein sinceey, = —1).
The solvent-solvent square-well depth is generally takdrety = —1, reflecting
an overall preference for solvent particles to interachvaach other at least as

favourably as with the proteifeg < &)

6.1 FreeEnergy and Entropy Functional

The free energy calculations used here are based on stamddtigle-histogram
method [198-2011], which calculates thermodynamic quiastiby approximating
the density of stateg(¢) (that is, the number of states with enegyfrom simula-
tion data. This gives the partition functi@ix) = Z*g(&,x,Ax) exp(—B€) wherex
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indicates a summation over all energy states with the orderpeter constrained
to values ranging fromx to X+ Ax, andg(e,x,Ax) is the density of state of energy
with the order parameter rangé¢o x+Ax. Thermodynamic quantities only depend
on the bin sizé\x by an additive constant, so long Asis sufficiently small in the
traditional coarse-graining sense. The free energy thgivés by:

F(x) = —kgT logZ(x) = —kgT logP(x) + F (6.1)

whereP(x) is the probability the system is within the order parametegex to
X+ Ax, andF = —kgT logZ is the total free energy. The internal energy is:

£9(&,x,Ax) exp(—Be)
Z(x)

U(X) = (E() =2 (62)

and the entropy(x) = (U (x) — F(x))/T.

In this work we use the non-local native fraction of conta@tsis an order
parameter, defined by first counting all atom pairs in theveadiructure that are
within 1.2 times the sum of their hard-core radii, and between residuseuch that
li—j| > 3. This gives 276 contacts in the native state. The valu@ of a given
(partly folded) configuration is the fraction of these ca$apresent, and varies
from 0 (completely unfolded) to 1 (completely folded). A kéize AQ = 0.02
was used. As mentioned earlier, in here the protein inteanaigy includes intra-
protein energy and protein-solvent energy, but not sofgehtent interaction en-
ergy. The computed energy(Q), free energyf *(Q), and entropys'(Q) functions
are in units of the50o contact energy.

6.2 The Correspondence between Explicit and I mplicit
Osmolyte M odels

We are interested in the effects of osmolytes on polymemcigs in solution, in-
cluding homopolymers and proteins. The system consistsaiéip or polymer
(p), solvent such as water (s), and osmolyte solute (0). €rher 6 relevant inter-
action enthalpies corresponding to the pair interactia@te/éen the above species:
Ess, Epp, €00, Epos Eps, Es0-  TheESE interaction energies along with temperaiurare
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the relevant energy scales in the problem. There are alsmglscales in the prob-
lem corresponding to the sizes (radii) of the various specietheir constituents:
I'p,fs, o cOrresponding to the monomer, solvent, and osmolyte radiughe ap-
proach described below, these radii simply correspond fterdint coordination
numbers for each of the species.

A solution of water and osmolyte may be considered as anteemedium
with modified solvent interactions so that the new systembmatreated with just
3 energy scalessg, &5, €ps: TO cOMpare the simulation results to an analytic the-
ory that treats osmolyte particles explicitly, we make tbkofving formal corre-
spondence between explicit and implicit osmolyte modelsesthe six explicit-
system (ES) parametets;, £pp, €00, £po, Eps, £s0, WE Seek the three implicit-system
(IS) parametersg;, &5, €5 that would give the same average interaction probabil-
ities for the system. The mean number of interactibisbetween specieisand
j for the explicit system can be found from the sum rules forttital number of

nearest neighbors:

cloNo = 2Noo + Npo + Ngo

wheregq; is the coordination number of specied he 3 quasichemical equations of
mass balance for the reactiops+ so = ps+ 00, SO+ S0 = SS+ 00, PO+ po =
pp+ 0o, which give equations of the form:

NpsNoo

_ o B(EpstEoo—Epo—Es)
=e 6.4
NooNeo (6.4)

There are 3 independent rate equations, giving along witkehaf 6 equations
for the 6N;;. Several approximations are made in the above heuristicoapp.
The different sizes of the particles are only manifestethéndifferent coordination
numbers. More accurate models would modify the sum rulesderaccurately
account for the geometry of nearest neighbors, which wolsld @sult in modi-
fied stoichiometric coefficients in the mass balance equstidhe parametedy,
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should be interpreted as a chemical potential, becauseottiermational entropy
for protein monomers is smaller than that for free osmolytsabvent particles.

To map to the implicit system, first let the IS particle nunsbbe given by:
Np = Np, andNg = Ns+ No. Adding the solvent and solute equations in the sum
rules for the total number of nearest neighbors (equaiog))@ives a relation
between the coordination numbers and solvent particleshwtan be mapped to
the implicit system:

qus+ quo = 2(N55+ N00+ Nso) + Nps+ Npo (6-5)

and

NG = 2Ng -+ N (6.6)

Equating the numbers on the left hand side of (6.5) anc (6W@sghe co-
ordination number for effective solvent particle @ss + goXo, i.€. the solvent
and osmolyte coordination numbers weighted by their resmemol fractionsx;.
Equating protein-protein, protein-bath, and bath-batitacts in both models gives
the correspondence betwell andN;j:

Npp = Npp

TheN;j then determine the transfer energy in the IS model through:

NppNss

(Nps)?

The other 2 equations determining the 3 energy scales irStineodel may be
found from the conservation of total energy between the twdets:

— e*B(SSpTLE*S’*zESS) (68)

Npp€pp + Nes€ss + NpsEps = Zi,jNij & (6.9)
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And by the ansatz that the total bath interaction energyqoivalently protein-
bath interaction energy) be the same in both models:

Equations|(6.8)-(6.10) then determieg, £, €. For example, a system with
Ess; Epps €00, Epos Epss Es0 = —1.25,—-1.1,-0.4,1.1,0.25,-0.8 in units ofkgT, with
Jp; 0o, 0s = 8,6,4 and mol fractionp, Xy, %s = 0.05,0.2,0.75 has effective energy
scaleseg, &pp, €ps = —1,—1,0.4; a set of parameters that we often use in our sim-
ulations. We have thus shown that for any explicit osmosgbrent system, there
exists an effective solvent model that captures the theymendics of the original

system.

6.3 Results

6.3.1 Simulations

In this work, the Trp-cag€&o model in implicit solvent, where the effects of wa-
ter is incorporated into the intra-protein interaction rgyeis used as a reference
protein system (6 1A). The system is simulated by discootis molecular dy-
namics, with the initial Maxwell-Boltzmann distributiorf particles defining the
temperaturd *. The system exhibits two-state behaviour as shown by thiechea
pacity plot of figure: 6.2a, which has a single first-ordeeljghase transition peak.
The folding temperatur@; = 4.0, at the heat capacity maximum, separates the
low temperate native state (N) from the high temperatureldefl (U) state. The
plot was obtained by equilibrium simulations at tempeeduiromT* = 2.0 to

T* =6.0. The error bars were obtained by performing five- 60000 (scaled time
duration) independent runs at each temperature. To imgh&vaccuracy near the
folding temperaturd;" = 4.0, where the fluctuation is high’; = 300000 five runs
were performed at * = 3.8,4.0,4.2, which reduced the size of the error bar near
the folding temperature. Howeves; versusT* plots obtained from the multiple-
histogram method vary negligibly with simulation lengthlasg as a lower time
limit (for the Trp-cage moddl* = 60000) is exceeded, thus the results are statisti-
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cally reliable (we use@* =

Figure 6.1: A: Ground-state native structure of the all-at@t model of the
Trp-cage protein; B: Denatured (unfolded) Trp-cage in wation; C:
Folded Trp-cage in osmolyte solution.

Figure 6.2b shows the probability distribution versus gpat the folding tem-
perature. The probability distribution is bimodal, withae at the unfolded and
folded energy, no detectable specific intermediate statbatienuated population
between folded and unfolded states indicating a weakly dtate transition. We
show below that an effective solvent with osmolyte preseatdases the folding
temperature of the Trp-cage, and decreases the coopirafithe transition, while
an effective solvent modeling the presence of denaturamedses the folding tem-
perature and increases the cooperativity.

6.3.2 A Hard-sphere Solvent Induces a Desolvation Barrier between
Native Contacts, but Decreases Folding Cooper ativity Relative
to the Implicit Solvent M odel

Figure 6.2b shows the distribution of energy in the implsotvent model at the
folding temperature (solid), as well as distribution of iyyeof a “reference sol-
vent” model at its own transition midpoint (dotted). Theemeince solvent is self-
attractive €5 = —1), but has hard-sphere interactions with the protefg £ 0).

One can see here that the distribution of energy of the handre solvent is less
cooperative than that of the implicit solvent model. Howeye protein in hard-
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Figure 6.2: (a) Reduced Heat capacit¢(= C/kg) versus reduced temper-
atureT* of Trp-cageGo model with implicit solvent. The plot is ob-
tained by using the multiple-histogram method. The datatpoand
error bars are averages taken from the five independent tuesch
temperature. (b) Probability distributions of energy footpin-protein
plus protein-solvent interactions, obtained by the histogmethod, for
several solvents at their respective folding temperat(iraplicit sol-
vent: T{ = 4.0, neutral solvent witheys = 0: Tf = 4.55, protective
osmolyte solvent witless = 0.4: Ty = 5.08, denaturing osmolyte sol-
vent with g5 = —0.4: T¢ = 3.913). For explicit solvents, the energy
generally includes protein-solvent interaction energywéver for the
implicit and neutral hard-sphere solvent this contributio the energy
is zero. Protective osmolytes shift to the higher energmessiow less
cooperative transition while denaturing osmolytes shiftawer ener-
gies and show more cooperative transition. Comparing théraleand
implicit solvent histograms, the native ensemble shiftigiher energy
because it has less overall native structure due to the tegsecative
folding transition. The unfolded ensemble also shifts ® tight be-
cause even though there is a tendency to have more nativedoge
contacts, there are less local contacts.

sphere solvent still exhibits solvation barriers for najprotein contacts (see figure
6.Za inset). Solvation barriers generally increase foldiooperativity, essentially
by reducing the conformational space sampled by the protgartially unfolded
states, however native-centric modeling alone negledtsrqgtotential effects of
the solvent on the unfolded ensemble. One important effethé reduction of
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polymer entropy in the unfolded state by induced polymelapsk, which results
in an increased propensity for native and non-native coritamation. On the
other hand a denaturing osmolyte such as GdHCI has ateadtigractions with
the protein, which results in expansion of the unfoldedestand increased folding
cooperativity. We describe these effects in more detadvel

6.3.3 Effects of Osmolytesand Denaturants on Stability, Polymer
Collapse, and Folding Cooper ativity

Figure 6.3A show<€* versusT* plots of Trp-cageGo model immersed in 1000
spherical solvent molecules with hard-sphere radius= 1.5A (about the size of

a water molecule) confined in(ao,&)3 periodic box. For this system the solvent-
solvent contact energy is fixed af = —1, with the solvent-protein contact en-
ergy varying fromegs = —0.6 (strong urea solution) teys = 0.8 (strong osmolyte
solution). For the neutral solventf = 0) the folding temperature increases to
T{ = 4.5 and the heat capacity peak has decrease@;&;p( = 300 in compari-
son toC;;eak = 390 for the Trp-cage in implicit solvent model (figure 6.2d8he
increase in the folding temperature as compared to the ¢gihghlvent model in
figure 6.3A, despite zero solvent-protein contact energygssts that the change
in thermodynamic property is due to excluded volume effettst is, this signif-
icant change in stability is due to volume effects not actedifior in the Tanford
transfer model ([14]), which is based upon interactionshatprotein-solvent in-
terface and thus has free energies scaling with solvemtsaifile surface area, and
energy of solvent-protein interaction. Fgf = O there is no energy scale in the
problem. For the osmolyte solvents (poor solvent), in wisiclvent molecules are
repulsive to the proteingfs > 0), the folding temperature increases progressively
to Ty = 5.3 for g5 = 0.8, and the heat capacity peak also decreases progressively
to Cphe = 200 for g5 = 0.8. The addition of repulsive osmolyte solvents (bad
solvents) stabilizes the Trp-cage, since the shift of ttet bapacity peak indicates
the native state is stable up to a higher temperature. Ferlike solvents (good
solvent), in which solvent molecules are attracted to tiogeim (€5 < 0), the fold-
ing temperature decreases progressivelj;te- 3.5 for ;s = —0.6. The attractive
urea-solvent interactions destabilize the native strecto that the Trp-cage un-
folds at lower temperatures than for the reference (wétej-solvent withe s = 0.
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The set of temperaturé§’ of heat capacity peaks in figure 5.3A and their corre-
sponding interaction energieg; define a phase boundary between native (N) and
unfolded (U) states. A solvent quality phase diagram caa bmuplotted in figure
6.2B. This phase diagram illustrates that our protein ifiesolvent model re-
produces protein stabilization/destabilization by osrtedurea, since the N state
becomes more stable as the quality indgxincreases (that is becomes more like

an osmolytic solvent).
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Figure 6.3: (A) C* versusT* of Trp-cage in solvent for protein-solvent con-
tact energyegs = 0 (solid line), 55 = 0.2,0.4,0.6,0.8 (dashed lines),
€ps = —0.2,-0.4,—-0.6 (dotted lines),e5; = —1 for all solvents. (B)
Solvent quality temperaturd () versus solvent qualityefs) phase dia-
gram. N denotes region where the native is stable, and Wymeghere
the unfolded state is stable. The phase boundary (solijl isndeter-
mined by folding temperatur®; obtained from histogram analysis of
the simulation data. The two symbols in the figure indicate tystems
with different solvent conditionsO, location in the phase diagram of
the Go model in implicit solvent; and\, location in the phase diagram
of the Go model in hard sphere solvergg( = &5 = 0).

For each of the solutions plotted in figure 6.3A, the thernverage radius of
gyrationRgy of the unfolded states witQ < 0.2 was recorded at the corresponding
folding temperature; the results are plotted in figure: 6.7e plot clearly shows
that unfolded states become more collapsed as the solvatglsnone containing
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osmolyte (i.e. asysincreases to positive values), and more expanded or swadlen
the solvent models one containing denaturant (more neggfiy. Inset images of
figure 6.4A show representative snapshots illustratinguh#olded states become
more collapsed as solvent quality decreasessfaincreases). Error bars in the
plot are obtained from the standard deviation of Rag values from simulations

of half the total length of those used to obtain the plottet g@ints. In contrast,
folded configurations witl®) > 0.6 do not show significant variation with solvent
quality parametegp (data not shown). The trend in figure 6.4A is also consistent
with experimental evidence that in the presence of osnslytefolded conforma-
tions of proteins become more compact, while folded con&tions are unaffected
([5€-60]).

We also plot the cooperativity of the transition vergjsin figure 6.4B. The
cooperativity is defined by the ratio of the van't Hoff enghalover calorimetric
enthalpy of the folding transition ([202—205]). We show iguiie 6.6 that the inter-
nal enthalpy of protein-protein plus protein-solvent ratgions is a nearly linear
function of Q, hence we usé€) here as a proxy for the enthalpy and calculate the
various enthalpies as follows. The van't Hoff enthalpy amnorresponds to twice
the standard deviation of the enthalpy (@ at the transition midpoint, while the
calorimetric enthalpy corresponds to the difference imaiply of the unfolded and
folded states well above and below the transition respalgtiff203]). We found
these values by taking the average value® @bth well below and well above the
transition. The corresponding values@f andQy did not vary significantly asg
varied. In contrast, the van’'t Hoff enthalpy varies sigrfitly, as can be seen from
the insets in figurz 6.4B which show histogram&adt the transition midpoints for
&ps = —0.6 andegs = 0.8. Denaturant solutions show enhanced two-state behaviour
of the transition, with larger cooperativity and corresgioy bimodal distribution
of Q values at the transition midpoint. Osmolyte solutions shesluced two-state
behaviour of the transition, with smaller cooperativitydamimodal (at least for
the Trp-cage model) distribution @f values at the transition midpoint.
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6.3.4 Excluded Volume Stabilization Due to Hard Sphere Solvents

Figure 6.5 compares the Trp-cage in implicit solvent (trsckid) with Trp-cage
immersed in 1000 (dashed) and 1500 (dashed-dotted) pudeshhere solvent
(HSS) molecules witls ;s = 0 andeg; = 0, where the hard-sphere radius of a solvent
molecule is 124, roughly 80% of the vdW radius of a water molecule (see model
section). The HSS systems differ from the implicit solveygtem: The folding
temperature increases frofif = 4.0 (implicit solvent) toT; = 4.45 (1000 HSS)
to T = 4.7 (1500 HSS). This is despite the fact that the interactiats/éen the
HSS molecules with themselves and with the protein are p&tekic so there is
no additional energy scale in the problem. This indicates pinotein stabilization
is due to an excluded volume effect. The addition of expkaitvent molecules
into the Go model protein introduces an excluded volume effect thaticed the
configuration/conformation space of the protein, to déferextents depending on
whether the protein is folded or unfolded.

Even for weak urea solution where the protein is weakly etfiira to the solvet,
such agps = —0.2 of figure 6.3A, the folding temperature is higher than tHahe
Trp-cage implicit solvent model. In order to compensatetiierstabilizing effects
of excluded volume, a urea solution must hage= —0.3 (andeg; = —1), as in the
dotted line of figure: 6.5, which has the same folding tempeeaas the implicit-
solvent modell; = 4.0. This indicates that there is a critical net attractivergne
between solute and protein for the solute to function as atdesnt.

Another observation that can be made from figure 6.5 is tlafl@®0 neutral
solvent molecules model (the “reference” solvent wéth= 0 andeg = —1) has
a folding temperature of;" = 4.57 (light solid line of figure: 6.5), which is higher
than the 1000 HSS model, suggesting that the attractivesbiolvent interactions
enhance protein stabilization. This can be thought of asranmal model of the
hydrophobic effect.

6.3.5 Calculation of the Free Energy, Enthalpy, and Entropy
Changes for Osmolytes and Denaturants

Figure 6.6a plots the free energy vers@sat Ty = 4.8 for solvents witheys =
—0.2,0,0.4. For the neutral solvengfs = 0), whereT = 4.57, the U state is stable
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as evident from the minimum &nin = 0.1. The osmolyte solventsf = 0.4)
stabilize the protein so that the free energy minimum is no@g = 0.5. Adding
an osmolytic solvent with effective energys = 0.4 stabilizes the native state by
about %gT. The relatively low value of) is because the folding temperature of
the protein-osmolyte system is &t = 5.0 (figure 6.3A), which is only slightly
higher thanT; = 4.8, and also because a protein of such small size as the Trp-
cage exhibits substantial fluctuations in the native bdsithe case of denaturing
solvents &5 = —0.2) whereT = 4.2, the protein is even more destabilized than
the neutral solvent with a further change of stability of albedkg T, and a shift of
the free energy towards low€rvalues in figure 6.6a.

Figure 6.6b plots the internal thermal enef@y) versusQ at Ty = 4.8 for g5 =
—0.2,0,0.4. This readily shows that the osmolyte solvent decrease®riergy
of the protein uniformly (even though the solvent-proteiteraction is repulsive),
while the effects of the urea solvents are negligible (eliengh the solvent-protein
interaction is attractive) . An osmolytic solvent with régive £ lowers the energy
by inducing collapse in the protein in a manner that 1L2Y it sensitive toQ
over the range spanning the unfolded and folded states. eHiecstabilization
of protein in our model is not due to the change in enthalpgesithe osmolyte
solvents decrease the energy of the native (Rigand unfolded (lowQ) essentially
equally (figure 6.6e).

Figure 6.6d plots the entrop$ versusQ, which shows a decrease/increase
in the entropy of the unfolded protein for the osmolyte/use&ution, compared
to the neutral solvent. The entropy difference between dgefarea solvents
and neutral solvent is plotted in figure 6.6d, that is, thithes change in entropy
AS= S(gjs = 0.4) — S(gps = 0) andAS = S(gy = —0.2) — §(g = 0) versusQ.
For the osmolyte solvents{ = 0.4) the decrease in entropy, compare to the neu-
tral solvents &5 = 0), is due to the excluded volume effects, which is expected
to reduce the protein conformational/spatial configuretioThe key point is that
the reduction in entropy decreasedadecreases (see dashed line of figure 6.6d),
which means that the entropy of unfolded conformations éeiced more than
folded conformations. This is consistent with the hypohésat osmolytes stabi-
lize proteins by introducing an entropic bias for unfoldedformations.

For the urea solventgf; = —0.2) the increase in entropy, compare to the neu-
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tral solvents §5; = 0), increases a® decreases (dotted line of figure 6.6d), which
means that the entropy of unfolded conformations is ine@asore than folded
conformations. This suggests that urea destabilizatiqoraikin is also driven by
entropy change. In fact, the denaturing solvent raisedntieaépy of the unfolded
state relative to the neutral solvent, rather than loweitinghis is due to the fact
that as favourable solvent-protein contacts are madeufabate protein-protein
contacts are lost, so that the net result is a modest sttimiiz of the native state
change due to enthalpy changes (ficure: 6.6e). The domingtot fzontributing to
the destabilization of the native state for weak denatusolgents is the increase in
entropy due to an expanded unfolded state. For sufficietityg denaturantsefs
large and negative) we expect a crossover to a regime whtralgic stabilization
of the unfolded state becomes significant.
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Figure 6.4: (A) Radius of gyration of the unfolded states wigh< 0.2 taken
at the temperatures of the heat capacity peaks in figu-e kiteg as
a function of the protein-solvent interaction eneijy. Snapshots of
representative unfolded states ffg = —0.6 andeps = 0.8 are shown
in the insets. These snapshots are obtained by taking thedirgpled
conformation that hadRBgy within 2% of the average value given by the
plotted data point. (B) Cooperativity of the folding tratitsn, defined
by the ratio of the van't Hoff enthalpy over calorimetric lkalpy, as a
function of 5. Histograms of the values @ at the midpoints of the
transition foreps = —0.6 andegs = 0.8 are shown in the insets, which
are strongly bimodal for a denaturant-containing solvantl unimodal
(for the Trp-cage model) for a strong osmolyte-containialyent.
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Figure 6.5: C* versusT* of plots Trp-cage for several solvent models: In
implicit solvent (thick solid line); in 1000 spherical reémce solvent
molecules witheps = 0,5 = —1 (thin solid line, this curve is identical
to the gy = 0 curve in figure 6.3A); in 1000 pure hard-sphere spheri-
cal solvents witheys = £ = 0 (dashed line); in 1500 pure hard-sphere
spherical solvents,s = &5 = 0 (dashed-dotted line); in 1000 urea-like
spherical solvents witk;s = —0.3, &5 = —1 (dotted line).
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Figure 6.6: (a) Free energy versus protein foldedne®3 &t T, = 4.8 for
&ps = 0 (solid line),e;s = 0.4 (dashed line), angs = —0.2 (dotted line),
with solvent-solvent contact energy fixedegdf= 0 (solid line) (b) Pro-
tein internal energyE) versusQ (c) Entropy € versusQ (d) Change
in entropy Q\S) versusQ, for osmolyte solventgss = 0.4) compared to
neutral solventg;s = 0), that isAS= S(gjs = 0.4) — §(gs = 0) (dashed
line), and for ureagss = —0.2) solvent compare to neutra = 0) sol-
ventAS= (g = —0.2) — S(egs = 0) (e) Changes in enthalpy between
osmolyte and neutral solveAE = E (& = 0.4) — E(&, = 0) (dashed
line), and between denaturant solvent and neutral solMenrt E (&5 =
—0.2) — E(gps = 0) (dotted line).
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Chapter 7

Conclusion

Our understanding of protein folding has been greatly aegurom studies under
ideal conditions in dilute solutions. However, potentiathacromolecular crowd-
ing inside the cell can significantly affect the thermodyimastability and alter the
folding/unfolding kinetics of proteins. A growing numbef eéxperimental, theo-
retical, and computational investigations on the consecgsg and magnitudes of
macromolecular crowding predict significant stabilizat{66, 67, 206]. This im-
plied that proteins perform their functions in environnsetiiat are crowded with
various macromolecules and macromolecular assembliggsLadized recently by
high-resolution cryoelectron tomography [207] and otleehtiques. The goal of
the present work was to understand the effects of macromlalecrowding on the
mechanical stability and unfolding kinetics of proteinshe single-molecule level
using analytical calculations and computer simulations.hédpe that this work can
encourage researchers to consider the effect of crowdedmelseir experiments
and use proper approximations in order to avoid presertiegiata and results that
might be reflecting a picture that is either far from or the agie of reality, as we
have discussed in some of the examples in chapter 2.

Essentially all taxa utilize osmolytes which are ubiquitosmall organic molecules
to cope with environmental, extracellular, or intracellustress. The origin of the
native protein stabilization by crowding is the steric rsmn between the amino
acids of the protein and different kinds of osmolytes. Thieamy induced deple-
tion interaction, which is responsible for all the energensequences, was first

98



described by Asakura and Oosawa in 1954 [52] and later by[54i} The theory
implies that there is an osmotic pressure pushing hard ephieward each other
when they are close enough. Moreover, the instant effed¢teohigh packing frac-
tion of macromolecules inside a living cell, which on the rage is about 20% to
30%, implicates that a large fraction of the interior voluimiexcluded to anything
whose size is comparable to cell constituent molecules,thisdn turn, means
that any reactions that are accompanied by dramatic changslume accessible
will be significantly affected in dense systems. The cokapba heteropolymer
and folding of proteins are partly driven by this effect. thermore, the thermo-
dynamic effects of crowding agents vary from reduction & tiffusion rate to
hindering degradative reactions [3].

The stabilizing property of osmolytes has been shown toetate with the
preferential exclusion of osmolytes from unfolded protdomains, resulting in
the preferential accumulation of water (preferential laidin) near an unfolded
protein [183, 184]. This implies a net repulsive interactizetween stabilizing
osmolytes and protein, and indeed preferential exclusamnb®en shown to arise
from repulsive interactions between osmolytes and the timawk of proteins [49,
185, 183]. Repulsive osmolyte-backbone interactions daoalse the enthalpy
of a protein, and the increase in enthalpy would be largetHerunfolded state
due to its larger solvent exposed backbone area and comgbgtiee unfolded
state would be more destabilized. Another possible sraidin mechanism is the
osmolyte-induced loss of protein conformational entreyh the greater entropic
loss by the unfolded state, leading to an overall shift inildayium towards the
native state. The entropy loss mechanism is consistentexjperimental works
that observed increased compactness in unfolded statagiose [58], protein
S6 59], and Rnase $ [60] due to osmolytes. This would impét #ven if an
osmolyte interacts with a protein with the same energeticwater, it would still
stabilize the protein for entropic reasons. In referen€q, [@hich examines the
thermal and chemical stabilization of Rnase S by osmolytestein stabilization
by an increase in enthalpy that destabilizes the unfoldate & ruled out.

In contrast to protecting osmolytes, urea is a nonprotgotismolyte. The
interaction between urea and the protein is attractiveingatb the preferential
accumulation of urea in the vicinity of proteirs [187]. Théactive urea-protein
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interactions lower the free energy of both the native andldefl states, but due
to its larger solvent exposed surface area, the free endrthe ainfolded state is
lowered more compare to folded state [49]. Consequentyy,atidition of urea

to protein solutions shifts the equilibrium to the unfoldstte. The attractive
interactions between urea and protein must overcome thepenstabilization of

the protein mentioned above.

Moreover, macromolecular crowding restricts the foldedtgin and the un-
folded protein to different extents because the unfoldedincban penetrate into the
interstitial spaces. When the concentration of crowdingnmaolecules is high,
the interstitial voids are too small to serve as routes afdiacation for the glob-
ular native protein. However, in the same osmolyte conaéptrs, the interstitial
spaces still will allow the unfolded chain to leak. This imdar to confining the
protein in a cage with holes. Although the native proteirulyfrestricted but the
holes will compensate for the excess restriction of the cagthe unfolded chain.

To investigate the effect of molecular crowding on polymeltapse and pro-
tein folding, we need to formulate the thermodynamics of lgrper (or protein)
in terms of its size. The simplest model for a protein is amlidbain [113]. How-
ever, this model provides an unrealistic picture of pratdiacause there is no steric
repulsion between monomers of the chain to avoid self-argsS he intramolec-
ular steric repulsion is usually accounted for by introdgcan empirical factor
that causes expansion of the chain [124]. We showed thag esimputer simula-
tion algorithms we can calculate the conformational siatif both on-lattice and
off-lattice self-avoiding walks [208—210]. Goldenbergshdone off-lattice Monte
Carlo simulations which gave the radius of gyration proligbdistributions of
four model protein chains, accounting for local steric iatéions between adja-
cent amino acid residues by restricting angles [211]. Gudey has performed
two sets of calculations, in which the long-range sterieriattions between non-
adjacent residues were ignored in one set, and in the othénesewere present.
The result of the calculations showed that when long-rangdcsnteraction was
present, for all four proteins the dependence of the roonrseaare radius of gy-
ration on the chain length was in good agreement with expariaei data obtained
for a large set of denatured proteins.

Real polymers can be modeled as off-lattice self-avoidamglom walks, which
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allow the angle between three consecutive monomers to haveradue consis-
tent with steric volume constraints. We have created a MABLpAvot algorithm
to generate off-lattice SAW conformations by the well-kmopivot algorithm, to
get around the attrition problem which corresponds to tloe tfeat an absorbing
boundary should be used for a polymer to avoid a stericaityueled region. Any
generated conformation which penetrates into the boundaist then be removed
from the statistics. Thus in generating conformations oél&avoiding polymer,
any conformation of the polymer that by chance wanders intosterically ex-
cluded region corresponding to the previously generatedomer positions must
be eliminated, and the walk must be re-initiated.

To see the effects of a reflecting boundary condition on SAMissics, we have
also generated random walks using a naive growth algorittaincorresponds to a
reflecting boundary condition. Walks are generated with théth residue placed
a distance from theith residue at random angle; and if the distange j for any
j <iis less than @, only the last step is canceled and a new step is attempted,
until a walk ofN steps is generated. As we expected there is an obviousatiigtin
between the end to end distance probability distributioanodff-lattice SAW using
the naive growth algorithm and that using the pivot algonittand the distinction
become more and more clearMéncreases.

Moreover, we noticed that the difference between the pritibalistribution
functions of an on-lattice SAW and its improved replica, dfffelattice SAW model
(which is widely used in the literature), are not negligibl€herefore we were
inspired to further look for a method that can generate a memtistic model of
a polymer which led to employing DMD simulations in our work our model
the polymer is a freely jointed chain &f beads or monomers ad— 1 joints,
wherein each monomer is represented as a hard sphere. Twedberad$ and
j are constrained to be within 10% of an average distafee]A, by an infinite
square-well potential. Two non-bonded atonasd j may interact by hard-sphere
potential (purely repulsive). As expected, the DMD simiolas reproduced the
same statistics (end to end distance probability disioblitas that of the pivot
algorithm for a continuum SAW.

We have introducedy, which is the volume of the smallest box along the prin-
cipal axes of the polymer in each conformation, as the newsarezof the size of
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a polymer. We showed thaty, or equivalentlyr, = (%)1/3 provides a better
measure of the size of a polymer chain. A comparison of thectife diame-
ter probability distributions using different models oétkize of a 100-mer, that is
def t = 2Ret 1 for the end to end distance model; ; = 2R for the embedding sphere
model ander s = (%)/2 for the Cartesian box model and the principal box model,
shows that: 1) for many conformations the end to end distdaseription does not
accurately represent the size statistics of a polymeregimeend to end distance of
a polymer can be zero, whereas even in the most collapsedrovation the real
size of a polymer cannot be smaller thar¥N'/3, 2) the embedding sphere and
Cartesian box models overestimate the size of the polyntkthemnefore cannot be
considered as a good measure of the size of the polymer. Merese have cal-
culated the probability distribution of the effective dierar of the gyration tensor
volume which isdeft = 2(1/€2 + €5+ €5) whereey, &; ande; are the eigenvalues
of the gyration tensor of the polymer. We noticed that numagrmnformations of
the polymer have larger principal box diameter than thecéffe gyration tensor
diameter, which means that the gyration tensor model ustierates the volume
of the polymer.

In terms of this new variableyy,, we derived expressions for the entropy by
finding the fits to the data obtained from DMD simulations. tRermore, using
the same method we found an expression that describes theenwiclose ap-
proaches of a polymer chain (a close approach happens wienamneighbor
monomers come closer to each other than a certain cut o#frttis} and we used
this expression to find the internal energy of a polymer. Tdolgrper free energy
is then simply given b = E — TS. The effect of neutral osmolytes were studied
by adding the free energy of a hard sphere liquid system téréfeeenergy of the
polymer. The generalization to a protein is easily done lgoducing energetic
parameters that account for the primary, secondary andriedtructures of the
protein. The stabilization of a collapsed polymer or a fdlgeotein by osmolytes
depends on the size and concentration, as well as the type omolyte which is
represented bgp,. At the same overall volume fractiop, smaller osmolytes are
more effective at stabilizing proteins.

In chapter 3 we discussed examples of different approachi tproblem of
polymer (protein) and osmolyte mixtures which have progigewerful theories
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to explain both thermodynamics and kinetics of the crowdffgcts on protein
folding. However, what is commonly missing in these apphescis a model for
the internal structure of the protein, that is, the protesraavhole is considered
to be either a globular object or a chain, and often the malelot flexible to

the changes in the energetic parameters between residudise imodel that we
presented here, by changing the energetic parameters @fithary, secondary
and tertiary structure of the protein one can attain a motaildd description of
a specific protein. The three distinct aspects of a proteitriscture are as the
following:

e Primary structure: the amino acid sequence.

e Secondary structure: general three-dimensional form of local segments of
the protein that are stabilized by hydrogen bonds. Commameles are
the alpha helix, beta sheet and turns. Secondary struabeertt, however,
describe specific atomic coordinates in three-dimensispadte.

e Tertiary structure: the overall 3-D shape of a single protein molecule; the
spatial order of the secondary structures. The stabiimatf tertiary struc-
ture is generally done by nonlocal interactions, such addimation of a
hydrophobic core, salt bridges, hydrogen bonds and disublishds. The
tertiary structure is what controls the function of the pimtand therefore
we can use the term “tertiary structure” and the word “foldterchange-
ably.

Using the appropriate size of the protein molecule, andpgead with ener-
getic parameters of the protein structure, our theoret@sallts provide a thorough
description of the thermodynamics of the polymers and prstéhat allows us to
readily investigate the effect of osmolytes on their bebtravi-urthermore, in this
framework a general description of protecting and denagufiirea) osmolytes has
been provided by changing the interaction energy betweerptitymer and the
osmolytes from negative to positive values. Essentialydame thermodynamic
approach can be applied to theories of protein stabilimatite to macromolecular
protecting crowding agents [50. 51], and protein destzddiibon due to the present
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of denaturants. Therefore, this model enables us to unifeffects of protecting
osmolytes and denaturants in the same theoretical scheme.

In chapter 6 an all-ator®0 simulation of Trp-cage protein was discussed em-
ploying discontinuous molecular dynamics simulationsnrirea&plicit minimal sol-
vent, using a single, contact-based interaction energydset protein and solvent
particles. An effective denaturant or osmolyte solutiorswanstructed by making
the interaction energy attractive or repulsive. Analygighe results confirms the
main findings of our theoretical work, which can be summaragfollows: 1) The
comparison between figures 5.2 anc 5.3 shows that by addinglyg®s to the sys-
tem, the free energy minimum of the protein shifts to highuealofZ (the fraction
of total contacts per monomer in any conformation) gnghe fraction of native
contacts per monomer in any conformation), and the foldate stf the protein
becomes the stable state. These osmolytes are neutrakbédtauinteraction en-
ergy between protein and osmolyteg,, has considered to be zero in calculations,
however it is argued in this work that negative valuesgfstrengthen the effect of
neutral osmolytes and positive valuessgf weaken the stability effect of neutral
osmolytes. Figurz 6.6a is the result of simulations andsplw free energy of the
protein versus foldedness. We can see a comparison betheeffect of neutral
osmolytes £y, = 0), protecting osmolytesf, > 0) and denaturantg, < 0). As
the theory predicts, the protecting osmolyte solventsi&atihe protein so that the
free energy minimum is at higher value than that for neutsatalytes. Adding an
osmolytic solvent with effective interaction energy of Gtabilizes the native state
by about &gT. In the case of denaturing solvents however, the proteincgeem
destabilized than the neutral solvent with a further chaofystability of about
—4kgT, and there is a shift of the free energy towards lower folésdrvalues, 2)
The reduction in entropy of the unfolded state due to osreslygsults in a loss of
folding cooperativity. This can be seen by investigating likeat capacity as a func-
tion of temperature as osmophobicity of the solvegq, is varied. There is a loss
in folding cooperativity when osmolytes are stabilizing tnative state, again due
to the reduction in conformational entropy of the unfoldetes Conversely, there
is an increase in folding cooperativity in the presence ofdierant due to swelling
of the unfolded protein. Less strongly peaked and largethnid heat capacity
indicates less cooperativity, because denaturant snkibow enhanced two-state
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behaviour of the transition, with larger cooperativity armtresponding bimodal
distribution of Q values at the transition midpoint. Osntelgolutions show re-
duced two-state behaviour of the transition, with smalteperativity. We showed
the heat capacity plot of a protein with 50 residues in a bataivding agents with
packing fraction 30% anel, = —0.2,0,0.2 in figure 5.5 which was derived using
theoretical results (equation (513)). Moreover, figu@¥6showed the simulation
results of the heat capacity of Trp-ca@e model immersed in 1000 spherical sol-
vent molecules with hard-sphere radiygs = 1.5A confined in a(40A)3 periodic
box as a function of temperature, in the presence of osnwlytth different os-
mophobicity values. The increase in the folding tempeeafg compared to the
implicit solvent model despite zero solvent-protein coht@nergy suggests that
the change in thermodynamic property is due to excludedweleffects. When
the interaction energy between protein and solveft,is zero there is no energy
scale in the problem. For the osmolyte solvents (poor stlvénwhich solvent
molecules are repulsive to the protein, the folding temijpeeaincreases progres-
sively and the heat capacity peak decreases progressitehaddition of repulsive
osmolyte solvents (bad solvents) stabilizes the Trp-csigee the shift of the heat
capacity peak indicates the native state is stable up toteehigmperature. For
urea-like solvents (good solvent), in which solvent molesiare attracted to the
protein €5 < 0), the folding temperature decreases progressively. Trectve
urea-solvent interactions destabilize the native strecto that the Trp-cage un-
folds at lower temperatures than for the reference (wéej-solvent withe s = 0.

We also discussed the correspondence between explicitrasiitit osmolyte
models, to be able to compare our analytical results withukition results, be-
cause in our theory there could be in principle 6 relevardgratdtion enthalpies
corresponding to the pair interactions between the abaeiegics, £pp, £0o, Epos
Eps: Eso (EXplicit osmolyte model), whereas in the simulations aisoh of water
and osmolyte may be considered as an effective medium witlifired solvent in-
teractions so that the new system can be treated with justi§gscaleseg, &y,
&ps (implicit osmolyte model).

At last, it is worth mentioning that one can use similar iddzst were used
in this work to explain the effect of confinement on proteiability, because a
macromolecular confiner is essentially a stabilizing osteobf larger effective
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size. In fact, the physical origins of protein or polymerogiaation by steric os-
molytes or crowders are essentially the same as those tediase separation in
colloidal suspensions due to the addition of a non-adsgrpotymer for example
[52-54]. The next step of generalizing our model is to chahgesffective size of
the osmolytes to dimensions comparable to the size of coniodecules and to
investigate the difference of the free energy of the protein

The confinement effect has significant biological applaradj e.g. only a few
proteins can fold unassisted into their unique 3-D strgcthat enables them to
serve the purpose for which they are evolutionary desigtedugh the chemical
properties of their amino acids. However; the majority aftpin molecules require
the aid of molecular chaperones that assist the non-cavialieling or assembly of
macromolecular structure by confining them to fold into timgitive states. While
both confinement and crowding effects are caused by reduttithe number of
configurations that are available to a macromolecule becafithe high-volume
fraction of osmolytes or static barriers to movement, theran important quali-
tative difference between these two phenomena. Althouglirée energy cost of
crowding is minimum for protein conformations that are glitypthe most compact
with the smallest radius of gyration, confinement favorsfaomations that have
a complementary shape to the shape of the confining volumeexample, in a
guasispherical cavity the globular conformation of thetgirois favored, however;
in a cylindrical pore the preferred conformation is rocklilknd when the protein is
confined by two parallel hard walls, plate-like conformatiare preferred. There-
fore, numerical calculations of the magnitude of confinenedfects depend both
on the shape of the confining space and confined macromalespdaies [212].

Other natural extensions of our theory are:

e studying the effect of charged osmolytes on protein stgbili

e analyzing the effect of ellipsoidal crowding agents indteispherical osm-
loytes (which could resemble peptidesiimvivo experiments). This study
requires calculating the difference between the excluddahve for various
orientations of ellipsoidal osmolytes which can lead tartladignment in
crystal phase.

106



e investigating the role of depletion interaction in aggtemaresulted from
protein-protein interactions and signal transduction.

e examining the dewetting transition and drying inducedaqmske and its ef-
fects on protein folding by changing the interaction endrsgtween protein
and osmolytesgy,, as well as the structural energetic parameters of the pro-
tein.
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Discontinuous M olecular
Dynamics

A brief description of the DMD simulation method is presehteere. The ini-
tial heavy-atom positions were obtained from the NMR stitest The resulting
structure is comprised of 189 heavy atoms and polar hydregems, which in
the discontinuous model are represented as hard spheredhohded atomsand
j, as well any 1,3 angle-constrained pair and 1,4 aromatic @@ constrained to
be within 10% of their distance in the NMR structure by an iidirsquare-well
potential:

0, r < 0.90j
e =< 0, 090 <r < 11g; 1)
0, llgij<r

whereag;; is the separation distance of the bondgdpair in the equilibrium struc-
ture. The model also includes a discontinuous improperdi#diepotential, to
maintain chirality about tetrahedral heavy atoms (€g.,C3,C,N), and planar
moieties such as tryptophan rings.
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00, W< wp—20°
0, w—-20<w<w+2C 2)
0, w+20° < w

improp _

1y

Herew represents the dihedral angles of the constrained atonish aie restricted
to values neaty = 3226439 for tetrahedral heavy atoms, ang = 0° for planar
atoms.

As well, two non-bonded atomsj may interact by hard-sphere potential (purely
repulsive) with a hard-core radius:

®, r <0.8g1W
uinjonfbond - Epp = BijEGU, O'BGi\J(dW <r< 1'20-i\idw (3)
0, 120w <t

where ai‘de is the sum of the van der Waals (vdW) radii+ r; for each atom
pair, as given by the CHARMM potential set 19 [147] aBg and &g are Go
interaction strength parameters giving the depth of thargwell potential, which
may depend on the identities of atoirend j.

Using these parameters we performed a short DMD simulatitimfixed na-
tive contacts to remove interactions violating equati®js(4) from the initial ex-
perimental structure, to produce an equilibrium structfré¢he model Trp-cage
consistent with the above potentials. T&e model potential [196] is implemented
by setting the non-bonded square-well degthto e (Bjj = —1) for all i] pairs
in the equilibrated structure with van der Waals overap 1.20i‘14dW; for all other
non-bonded | pairs, the square-well depth is set toB); (= 0), so that these atom
pairs are purely repulsive. As in previous DMD studies [/138]], the energy scale
is set by theGo contact energy; thus simulations are performed withGbeontact
energyey, set to—&g; = —1, and all energies and temperatures are scaled in units
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of &c5 (E* = E/€cs andT* = kg T /€gp). A reduced time unit* =t /egs/ma? is
also usedrf can be taken to be the average atomic mass of the atoms comgpris
the protein anas, = 1A).

The Go model protein in explicit solvent is implemented by placthg Trp-
cage protein in a 48x 40A x 40A box, along with a variable number of spherical
solvent molecules randomly inserted without hardcorelapsr A typical simula-
tion consisted of 1000 spherical solvent particles of radi6A (the approximate
radius of water). This is about half the number of water mdkes in a 5% so-
lution for a 4083 box. We employ such a dilute concentration for computationa
convenience; physical concentrations have collision sisgficiently short as to
make such simulations prohibitively slow. Diluting the centration weakens the
effects that would be observed by varying solvent qualitiesy those at 58/, i.e.
this simplification effectively places lower bounds on argnds that we predict
would be observed. For this reason we find the approximatioaable as it only
strengthens the conclusions of this study. Standard perlmmindary conditions
are implemented.

Solvent molecules interact with both protein moieties aitth wach other by a
square-well potential plus hard core radii, having the form

s 0, r <0.807°
o & = &s/€co, 0.807° <1 < 12077 4
0
0, 1207 <r

In above equatior may be either a protein atopor another solvent residige
For solvent-solvent interactions; is the vdW diameter of the solvent, which we
generally set tmrisf = 3.0A: roughly the size of a water moleculg is the solvent-
solvent square-well depth in units of t&® contact energygss. For solvent-protein
interactions g;'° = (Gi"dW + g ) /2 is the average vdW diameter of the protein-
solvent(i, j) pair, whereainW is the vdW diameter of thagh atom of the protein,
and G}Nat‘* = 3.0Ais the vdW diameter of theth water moleculeg is the protein-
solvent square-well depth in units of tls® contact energgcs.
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To demonstrate the extent of improvements in efficiency bygudiscontin-
uous potential simulations, we shortly review the the diffeees between DMD
simulations and continuous potential simulations. In #ii¢el case, generally a
fixed time step is being used for all the atoms in the simufatior each time
step, the forces acting on each site are summed over alltégisithe simulation
(a summation of lengtil). When performed over all sites, the total summation
time is of orderN2. Simulations via discontinuous potentials basically et
looking for future collisions and scheduling them. The iatding force between
non-colliding atoms do not change because the potentiaiti@fid consequently
these atoms simply get closer together or farther apart.efore one needs to only
calculate and schedule the future prospective collisidtiseocolliding atoms. This
means that at the time of the collision the positions of @litfieraction sites should
be updated in time since the last collision. This processaires a loop over alN
sites while the coordinates of only two sites have changgmifgiantly. One way
to get around this problem is to compute false positions etwo sites that were
just colliding, at some previous update of all positionghsthat the velocities and
positions of sites are calculated correctly after the siolli which in turn guar-
antees that all future events will be correct. Yet anothiek tis to compart the
simulation box into cells with the size of the largest repasite. Therefore cell
crossings can be tracked in much the same way as collisiahtharonly possible
collisions, are generated by sites that are in adjacerd. cellis will narrow down
the domain of possible future collisions from all sites ie fiuid to only a few.
A similar cell structure may be used in continuous poterdi@ulations to reduce
their computation times to ordé&. However, the range of a continuous potential
(e.g. Lennard-Jones potential) is much larger than thathafrd sphere potential
and therefore the size of cells also should be very largeeheral, the number of
sites that are involved in summing the forces for a contisyooiential model are
about one to two orders of magnitude more than that in a disewmus potential
model leading to proportional penalties in computationetim

The general idea is, given the positions, velocities andradlynamic informa-
tion of molecules at time¢, we attempt to find the positions, velocities and other
information of molecules at a later tinte- ot to a reasonable degree of accuracy.
Consider two spheres with diametgrwhose position at time is r; andr; and
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their velocities at timé is v; andv;. If at timet + ot these spheres collide then the
following equation should be satisfied:

\rij(t+6t)\:|rij+vij5t\:a 5)

whererjj =ri —rj andv;j = v; —v;j. If we definel; =rj;.vij equation (5) becomes:

Vi Ot? + 20t + 15 — 02 =0 (6)

If bjj > 0 then spheres are moving away from each other and will ndileolIf
bij < 0 andbf — VA (r — 0?) < 0 again equatior (6) will have complex root and
no collision will happen. Otherwise, the spheres will a@liand equatior (6) will
have two positive roots, the smaller of which correspondmfmact.

Using conservation of total linear momentum and kineticrgnethe changes

in velocity such that:

vi(after) = vi(before) + dv (7)
is given by:
b..
oV = —ﬁrij = —Vijv (8)

with bjj now being calculated at the moment of impadu; is then just simply
negative of the projection of;; along ther;; direction which is denoted by; v.
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