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A random coil, whose size is determined by its excluded volume, &nd ne
energetic interactions with its environment, has served agrasentation of the
unfolded ensemble of proteins. The work in this thesis involves equilibriuatear
magnetic resonance and time-resolved kinetics spectroscopiessardihe unfolded
ensemble of BBL, a globally downhill folding 40-residue protein involvedKiteds
cycle ofE. coli, in its acid-denatured state, and on a sequence-randomized \wdrsion
this protein.

The effect of variability in thermodynamic conditions, such agedmture and
the presence of added chaotropes or kosmotropes, on the equilibrium psogaitie

reconfiguration dynamics of the unfolded state, have been dedudssl abhgence of



competition with folding events at low pH. The unfolded ensemble emas
expansion and collapse to varying degrees in response to changesinaheéitions.
Individual interactions of residues of the protein with the solemak the cosolvent
(direct interactions), and the properties of the solution i(sedfrect interactions) are
together critical to the unfolded chain’s properties and have been tqtiaely
estimated.

Unfolded, protonated BBL can be refolded by tuning the properties of the
solvent by addition of kosmotropic salts. Electrostatic interacttans out to be
essential for folding cooperativity, while solvent-mediated changesthe
hydrophobic effect can promote structure formation but cannot induce logg-ra
thermodynamic connectivity in the protein. The effect of sequendhe properties
of heteropolymers is also tested with a randomized version ofsBflquence. Chain
radii of gyration, and the degree and rate of hydrophobic collapsndem the
composition of the sequence, viz. hydrophilic versus hydrophobic content. Hpwever
the ability to maximize stabilizing interactions and adopt compagformations is
more evident in naturally selected protein sequences versus designed hatezopol

Chain reconfiguration of unfolded BBL takes place in ~1/(100 ins)
agreement with theoretical estimates of homopolymer collapss. réhe refolding
dynamics of salt-refolded BBL in the range of 1y(® at 320 K, emerge as being
independent of the degree of folding or protonation of the chain, a red«deping
with the description of dynamics in BBL as oscillations inmgl&, smooth harmonic
potential well, which only varies in its position and curvaturehwiarying

thermodynamic conditions.



THERMODYNAMIC PROPERTIES OF THE
UNFOLDED ENSEMBLE OF PROTEINS

By

Tanay Mahesh Desai

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2010

Advisory Committee:

Professor Victor Mufioz, Chair
Professor David Fushman

Professor George Lorimer

Assistant Professor Arthur LaPorta
Associate Professor Wolfgang Losert



© Copyright by
Tanay Mahesh Desai
2010



Acknowledgements

| would like to thank my thesis advisor Prof. Victor Mufioz for the
opportunities he gave us, his patience and an insistence on neveg $etthnything
other than an exact answer to any scientific question. Dunegears spent in his
lab, his constant encouragement, constructive criticism and advice cenisateve
looked at the smallest problem in the greatest detail.

My colleagues over the years- Abhinav, Athi, Christina, David, EvAlda,
Fabiana, Jian Wei, Li Peng, Lorenzo, Luis, Rani, Ravi, Michele, Moursga and
Urmi- have all been exceptionally helpful to me, and I'veriea lot from them. My
time in Maryland was a breeze thanks to my friends Athi, Chastarvourneen,
Sangita, Hulo, Debo, Prateek, Nozomi and An-Ni, and Kousik and Jason from the
Doyle lab. | also owe a lot to Athi, Aparna, Christina, David, Mowad Sunita for
being my pillars of strength through these years. Without therayl not have made
it!

My parents Parul and Mahesh made me smile when | didn’t, and mezlé s
never got too complacent; thank you for having been patient and encourikty
sister Hemal and cousin Noopur have been thoroughly loving and entertaining
through the years! | would like to thank my friend and wife Sun@ahér help and
support throughout. A big hug to my grandmothers Veerumati and Savitaben for
being the sheet anchors of the family. My aunt and uncle Nita and Rajiv, in gatay,
this whole science juggernaut rolling! My granddads Ishwarlal and Balwavitraid

better be watching over. This is a dedication to the two of you,ewberyou are.



Table of Contents

F ol L0111 =0 [o =T o 1= o | £ il
Table Of CONENIS .. .o e e e e e e e e e et e e e aeanne ii
LiSt Of TabIeS... .. i e e e e e e e eV
LISt Of FIQUIES. ..ot e e e e e e ne eV

ADDIEVIATIONS ...ttt e e e e e e e e e e e e e e e e Vil
1. Introduction and Research ODJECHIVES.........cooooiiiiiiiiiiiiie e 1
1.1 Statistical Methods in Protein FoIding..........ccoovvvviieiiiiiiiiii e 1
1.2 The Unfolded Ensemble as a Random Coil ... 6
1.3 Swelling and Collapse of an Unfolded Protein............ccccovvvvviviiiiiiiiiiiee e, 8
1.4 The Effect of Kosmotropes on an Unfolded Protein ..........ccccooevveiiiiiiiiiiiiinnnnn. 10
1.5 RESEAIC ODJECHIVES .. .uuuiiiiiii e e e e e e e e 11
2. Experimental Techniques: Principles and Methods................ooiiiiiiiinieeeee. 14
2.1 Forster Resonance Energy Transfer (FRET) .....uveciiiiiiiii e 14
2.1.1 FIUOreSCENCE SPECITOSCOPY .ovvvrrrrrrrrurnnniaieeeeeeeeereerreeeeresnssnnnaaaaaeeaaasaaeeeeens 14
2.1.2 Resonance Energy Transfer (RET) .....couuuuuuieiiiiiiiieeeeeeeeeeeeeeeeiiei e 16
2.2 Circular Dichroism SpectroSCOPY (CD) ...uuuuuiiiieiieieeeeeeieeeeeeceee e e e e 20
2.3 Singular Value DecomposSition (SVD) ......ciiiiiiiiiieiiiiiieeeeiiii e 24
2.4 Infrared SPectroSCOPY (IR) .ooeieiiiieeeeeeec e e e e e e e e 26
2.5 Dynamic Light Scattering (DLS) .......cooiiiiiiiiiiiiiiiiiee e 29
2.6 Nuclear Magnetic Resonance Spectroscopy (NMR) .......ccceevvieiiiiieiiiiiiieeeiinnnn, 32
2.7 Laser Temperature-Jump (T-jump) Instrumentation and Measurements.......... 32
2.8 Protein and Dye Concentration MeasurementsS..........ccoeeeeeeeevveeeeevvvvnneninnnnneenns 32
2.9 ProteiN SEOUENCES ....coeeiiiiiiiiiiiaaaa e e e e e e ettt ettt s e e e e e e e e e e e e eeeeeeeeseebbnannn s 39
3. The Unfolded Ensemble: The Effect of CosoIvents .............cccoeviiiiiiiiviiiiinnnnen. 40
G300 R 1 70T [UTox 1 o o [PPSR SRR 40
3.2 The Effect of Chemical Denaturants on Unfolded Proteins ..............cccccvvvveeee. 43
3.3 Analysis of Variations in the Size of Unfolded Chains...........cccccoooviiiviiin. 45
3.4 Extentsion of the Flory-Huggins Theory to 3-Component Mixtures................ 54
3.5 Features of the 3-Component Energy EQUatioN .........ccoooviiiieiiiiiiieeiieiiiiiinnn 57
3.5.1 Basic Features of the Quadratic Equation...............ccccevvvvvieeiiiiiiiiiiieeee e 57
3.5.2 A Limitation of the Probability Distribution Function ...............ccccceeeeennn. 61
3.5.3 Effect of the Exchange Energetic Parameters on Chain Size..................... 62
3.5.4 Effect of Chain Length on Extracted Energetic Parameters...................... 69

3.5.5 Exchange Constants of Cosolvent/Solvent Interaction with the Residue.. 75
3.6 Application of the Quadratic 3-Component Energy Equation to the Analysis of

Data from Single Molecule FRET (SmMFRET) Experiments.........ccccccvvvvvvvvvnninnnnnn. 79
3.6.1 Protein Unfolding Studied by SmMFRET ... 79
3.6.2 Expansion and Collapse of the Unfolded Ensemble..............ccccoevvvvviinnnns 81
3.6.3 Application of the 3-Component Quadratic Equation to sSmFRET Data ... 92

3.7 CONCIUSIONS ...ttt e et e e e e e e e e e e e e e e e enans 103

4. The Effect of Chaotropes and Kosmotropes: BBL as a Case Study .............. 108

0t R [ o o 18 o 1 o o IO PPPPPPPPPPPPPPPP 108



4.2 BBL: A Globally Downhill Folding Protein...............ceeiiiiiiieieiieiieeeeeiiiiiines 112

4.2.1 Evidence for Global Downhill FOIdING...........cccvviiiiiiiiiiciii e 112
4.2.2 On the Ph-Sensitivity Of BBL .......ccoooiiiiiiiiieeeiiic e 115
4.3 Expansion and Collapse of Acid-Denatured BBL ..........ccccoooveiiiieiiiiiiiieeiiiinn, 119
4.3.1 Hydrophobic Collapse of Acid-Denatured BBL..........ccccccoeeeviviiiiiieeennnns 121
4.3.2 The Effect of Guanidinium Chloride and Urea on Unfolded BBL.......... 123
4.3.3 Charge-Screening Effects on a Chain by a Strong Electrolyte................. 128
4.4 Refolding of Acid-Denatured BBL by Salt ............ccccceeiiiiiiiieiis 130
4.4.1 Secondary Structure Formation in Unfolded BBL ..........cccccooiviiiiiiiinnnnne. 130
4.4.2 The Reduced Cooperativity of Salt-Refolded BBL ...........cccccoeeeivieeeeennn. 137
4.5 Salt-Refolded BBL is not a Partially-Structured Non-Native State................ 143
4.6 BBL Refolding Dynamics at Varying Degrees of Chain Protonation............ 150
A.7 CONCIUSIONS ...ttt e e e e e e e e e e e e e e eeeeeeseneennnnns 150
5. Polymeric Properties of Random versus Natural Sequences...........ccccccvvvveee. 161
L0 R 0T [V Tox 1 o] o PR TTR 162
5.2 Equilibrium Expansion and Collapse of Ran-BBL.............cccccvvviiiviiiiciinneennn. 165
5.3 CONCIUSIONS ...ttt e e e e e e e e e e e e e e eeeeeessennnnns 169
B. FULUIE PeISPECIIVES.....uuiiii i i it e e et e e e e e e e e e e e aeeeeees 172
(=] o] [ToTo ] = o] 1) 20U TPPPPUPPPRN 173



Table Page Number

3.1
3.2
3.3
3.4
3.5

55
82
96
97
143

List of Tables



List of Figures

Figure | Page Number Figure | Page Number
1.1 2 4.7 119
2.1 16 4.8 122
2.2 35 4.9 123
2.3 37 4,10 124
3.1 49 411 124
3.2 50 412 125
3.3 53 414 126
34 55 4,14 127
3.5 63 4.15 128
3.6 65 4.16 131
3.7 70 417 133
3.8 71 4.18 133
3.9 72 4.19 133
3.10 73 4.20 134
3.11 77 4.21 137
3.12 84 4.22 142
3.13 84 4.23 147
3.14 87 4.24 148
3.15 89 4.25 149
3.16 90 4.26 149
3.17 91 4.27 153
3.18 94 4.28 154
3.19 95 4.29 155
3.20 98 4.30 157
3.21 99 4.21 161
3.22 103 51 166
4.1 113 5.2 166
4.2 115 5.3 167
4.3 116 54 167
4.4 116 55 168
4.5 117 5.6 168
4.6 118

Vi




Abbreviations

N: Number or amino-acid residues in the protein
R: Universal Gas Constant

T: Temperature

3D: Three-dimensional

GdmCl: Guanidinium chloride

NMR: Nuclear Magnetic Resonance

FRET: Forster Resonance Energy Transfer
SMFRET: Single-molecule FRET

T-jump: Temperature-jump

Na: Avogadro Number

Naf: Naphthyl group

Dan: Dansyl group

UV: Ultraviolet

CD: Circular Dichroism

SVD: Singular Value Decomposition

IR: Infrared

FTIR: Fourier-Transform IR

DLS: Dynamic Light Scattering

ACF: Auto-correlation function
SOFAST-HSQC: Heteronuclear Single Quantum Coherence

vii



Chapter 1.  Introduction and Research Objectives

1.1  Statistical Methods in Protein Folding

Protein self-organization, or folding, is the process by whicblygpegptide
adopts specific three-dimensional structures in a reversible manties time-scale
of microseconds to several seconds. An understanding of the mechéfidtimg to
this complex structure, and the description of the underlying physicshemistry of
the phenomenon, is a problem that has received the attention of chdnukigists
and physicists alike for over 60 years now, starting with semdeds on the
contribution of the hydrogen-bond to helical structures in polypeptideBaljing
and Core§. Enumeration of the various interactions that drive the folding or
stabilization of a protein was taken further in a review by Ikearm where he argued
in favour of the importance of the “hydrophobic interaction” to natitracture,
borrowing on the ideas of Irving Langmuir and J. D. Befhain the repulsion
between aliphatic molecules and water. Since then, it has beenthedrelectrostatic
interactions, van der Waals forces, hydrophobic interactions, dimdest coordinate-
covalent and covalent bonds all contribute to keep the protein indedfetatg and
that dihedral angles in the protein amide bond fall within sgerdinges for folded
polypeptide configurations in the Ramachandrar’plot

On the time-scales of adoption of such a structure startingaframnmfolded
polypeptide, a perplexing combinatorial argument known as the Levinipeaiadok

stated that a random search for the native structure by theisgroplall possible



configurations and dihedral angles by a protein’s backbone, would rdosy
folding to proceed in biologically relevant time-scales. Thusrgamaent was made

in favour of specific folding pathways. Anfisen’s experimental idieation of the
reversibility of foldind upon denaturation took us a step further in our understanding

of protein folding.
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Figure 1.1 The folding funnél



Since then, remarkable strides in the physical understanding fufidimg
mechanism have been made, ultimately culminating in our currentofigwotein
folding- that it proceeds by an energetically biased searca kmwv energy, compact
structure, i.e. the landscape perspedtivkhis view of protein folding stands in
contrast to the ‘pathway’ idea of folding, and its genesis ita the statistical
description of the free energy landscape of a protein based on rioapt
condensed matter physics, polymers and phase tranittdndhe free energy
surface of a protein is hyperdimensional and its projection onto two jpademeters,
its free energy and conformational heterogeneity, resembfesreel. The former
defines the slope towards the bottom of the funnel and latter itsh vwadt
circumference. The surface of this energy landscape is cha&adtéy troughs and
crests which introduce roughness on the landscape. Physically thikl vbe
equivalent to random rotations and vibrations of bonds and atomic stshe<sldue
to RT energy. Fluctuations with no net decrease in free energy late/ely fast
compared to events where non-covalent interactions drive the pratear ¢o the
minimunt. When the landscape is smooth and has broad minima, first-order-like
transitions take place. The experimental evidence for thieisxistence of two-state
proteins, whose unfolded ensemble and folded ensemble are separatdiighy a
energy barrier. To avoid getting trapped in local minima orowghr landscape,
protein sequences are naturally selected to traverse pathwaysiofal frustration’.
Thus, protein folding does not necessarily proceed through a singlessiogr of
bond-formations, as small molecules do, but through a multitude of migimall

frustrated paths from the tip of the funnel towards the bottom.



The speed or kinetics of the search for this energy minimum degissatly
on the nature of the surface. In the description of effectseofaindscape on folding
kinetics, multiple scenarios were envisaged. A ‘Type 0’ surfaeelandscape with a
unimodal distribution with high bias towards the low energy foldece sdatd no
barrier separating the top and bottom of the funnel; thus, foldingeg@adscwithout
energetic (or thermodynamic) bottlenecks. This is also c#tieddownhill folding
scenario. However, in this cakmetic bottlenecks, that affect a protein’s pause-time
at any point on the funnel during its diffusion along it, do affelting rates. The
second scenario which is called “Type I” is characterized bynodal distribution of
energy, separated by a high barrier. Type Il is the thighe&s@ when a glass
transition appears at intermediate order parameters betweeatie and unfolded
ensembles and slows down the search for the native structure.

Energy barriers between the native and the unfolded statenidetehe
degeneracy of populations at intermediate order parameters. Thuabilitye to
experimentally observe protein folding trajectories is limitgdldw population at
intermediate degrees of nativeness when the barrier is highafusent of course,
does not hold in the case of downhill folding, since the existenceiofje mode in
any condition allows observation of folding events going from native to dedd*®
On the experimental side, simple two-state analyses, commadytasanalyze and
interpret folding experiments, assume the existence of aebarpriori. However, a
model-free estimation of the height of the barrier is clitima experimentally
determining the motions of the protein along the energy land$cafigafast time-

resolved laser spectroscopic techniques and statistical modelasstlte ones used to



describe helix-coll transitions arfithairpin formation have culminated in a deeper
understanding of the free energy changes accompanying thezstaimli of the
backbon& " and time-scales of various protein motions. Peptide bond rotations take
place on the time-scale of 1-2'fisi-helices form in ~200 ns arfdhairpins in ~&s,
while random hydrophobic collapse takes place in 100 ns, and contactiéorma
between the ends of chains occurs in several microsééofitie basis of evaluating
the rates of various motions of the protein chain is firstly tdyaaachain dynamics
down to the fundamental diffusive motions along the free energy |grelsca
Secondly, an estimation of the fundamental mode of vibration of a prsteritical

to the accurate estimation of barrier heights between the raattyeinfolded state.
The global mode of such a vibration would be the fastest speed dt wipmtein
could fold, i.e. the folding speed limit. This has led to the esitomaf N/100 us to

be the speed limit for a globular single domain prdfeiwhereN is the number of
amino acids in the protein.

These approaches have been buttressed on a parallel front, ypdexat of
methods to directly estimate barrier heights from calorimeiat£’. Proteins with
barrier heights >&RT are two-state like in their behaviour. Proteins with marginal
barrier heights <RT would exhibit fast folding and probe-dependent observations. In
the intermediate regime, the barrier height would be sendibivilhermodynamic
conditions, thus switching the folding from a Type | to a Type 0 scenario.

The energy landscape view of protein folding can describe a lanogel of
possible behaviour that a protein can exhibit starting from itsteexie as an

unstructured polypeptide to a fully folded structure. The dependencéesé t



properties on thermodynamic conditions and on the nature of the psetgirence
itself has made it possible to statistically analyze andprdeexperimental data on
protein folding, viz. understanding a protein’s thermodynamic and kipetjgerties
in the context of its energy landscape. The ultimate goal lsetable to define a
protein’s three-dimensional (3D) structure solely based on the knowleidgs
sequence and environment- one of the central questions in cellular aeculaol

biology related to the translation of the genetic code to biological function.

1.2 The Unfolded Ensemble as a Random Caoil

The statistical description of the protein in its unfolded state is the random coi
This description has served as the standard representation of theedrdtdte and
the starting point for protein folding simulations. Quantitative support this
representation came from intrinsic viscosity experiment§anford and coworkef
on proteins unfolded in 6 M guanidinium chloride (GdmCI), measurements of
unfolded chain hydrodynamic radiR{ by nuclear magnetic resonance (NMR)
technique¥, spectroscopic methods measuring the radii of gyratl@)zg’( of
unfolded chains, and X-ray and neutron scattering experiffént®andom coils in
the absence of bond-angle correlations and steric clashes fallgwwer-law
dependence whergy scales a2 (sequence length), based on simple Gaussian
chain scaling principles. The inclusion of the chain’s excludedmnvelchanges the
exponent to ~3/5. The latter power-law dependence was observedoiopleeties of
the unfolded ensemble in the aforementioned studies within experireemial Thus,

in conditions with high denaturant concentration, proteins exist irmath@éom coll



regime having reached their maximal degrees of expansion. Thisntportant
implications for folding reactions. The rate of chain reconfigomain the unfolded
ensemble would scale as the inverse of chain leNdtr a purely Gaussian chafn
2’ Reconfiguration dynamics take place in the 100 ns time-stalase of unfolded
BBL during hydrophobic collapse and in the time scale of ~50 nthéocold shock
protein fromThermatoga maritim@CSP¥®. Chain dynamics in BBL were shown to
depend on solvent viscosity alone up to a temperature 305 K followed luyeasie
in the rate of collapse with increasing temperature and defjre@lapse. This was
attributed to the onset of roughness in the free energy landsida@elynamics of
CSP in high GdmCI concentrations are dependent primarily on thegechan
viscosity associated with added denaturant. In contrast, a stutig oaté of end-to-
end contact formation in a 20-residue unstructured polypeptide, biaker and
coworker$®, revealed a rate of contact formation of 1/(25 ns), that significant
decreased with increasing GdmCI. This implied that the interactf GdmCl
molecules with the unfolded chain, slowed down chain dynamics, with as
residence time of a denaturant molecule on the pfSteihese results together
indicate that theoretical predictions of collapse rates from hommgeolyheory hold
good for unfolded polypeptides, though specific sequence effects stloh @sset of
chain ruggedness with increasing compaction can also affect collapse.

While several independent studies point to the random coil model asabeing
faithful description of an unfolded protein’s properties, NMR speabmsc
measurements on chemically denatured states tell a diffstmgt’. The observation

of non-zero anisotropy by the measurement of residual dipolar cougglihdMR, in



unfolded staphylococcal nuclease at 8 M urea, pointed to the eristéntative
topology in the unfolded, expanded state. Native topology persists untbkled
state of staphylococcal nuclease upon the mutation of severduagson the
proteirt’, and also in short peptidésLocal structure in an unfolded protein should
produce deviations from the random coil behaotr Spectroscopic studies on
short unfolded peptid&have shown the existence of polyproline-Il helices in the
absence of denaturant even for sequences with low proline content.

These diverse lines of evidence may be reconciled by thenitemogf the
fact that local-structure may not globally propagate to thiree sequence, and
random coil-like properties can be exhibited by chains with saamfi local
structurd. Furthermore, NMR spectroscopic studies on the unfolded state could be
biased by dipolar couplings in the range of several kHz, as oppnadéw Hz in the
case of residual dipolar couplings, thus biasing observations in favdbosH rare

events where native topology is adopted.

1.3 Swelling and Collapse of an Unfolded Protein

Single molecule Forster resonance energy transfer (smFRR&)ineents
have allowed a direct observation of the effect of chaotropes on thedeohfol
ensemble in the absence of signals from the native statis, the case in bulk
experiment®. The unfolded ensemble experiences an expansion in chain size with
added denaturant. This is due to a change in the net properties sélution and
thereby, a change in the net interaction of the unfolded proteinta/igmvironment.

According to the Tanford transfer motlend the Schellman site-exchange mdtlel



this effect has its basis in the interactions of the denaturiéimttine protein. Direct
interaction of denaturants such as GdmCI and urea with the protetheirebinding

to the protein backbone or to side chains, takes place through dbdatr@nd
hydrogen bonding interactiofts~. What is not clear is whether indirect solvent-
mediated effects, included in the Schellman model, also play aimofgotein
unfolding or expansion. These effects are a result of interacticwsdre denaturant
and water molecules, and changes in the structure of watecesblvent additicft”

54.

The acid-denatured state of BBL, a 40-residhelical E. coli protein serves
as an ideal system to study the effect of thermodynamianpgers such as
temperature and denaturants on chain size, in the absence of comfretitidoiding
events. At acidic pH in the absence of chemical, there is notoveards the
formation of native structure, and the effect of added denatupanthain size and
dynamics can be studied by bulk FRET measurements on a doubipsieatly
labeled variant of the protein. The effect of chain size and thgmaaadc conditions
such as chemical concentration and temperature, on chain dynamit9eaildied
by ultrafast nanosecond laser temperature jump (T-jump) FRET measurentecis
would map the rate of collapse of the protein. Collapse ratesecarehsured at the
same degree of chain collapse, with different combinations of icakmand
temperature. This would help in describing the interaction othemnical with the
protein and the dependence of this interaction on size and temperature.

The unfolded ensemble of BBL refolds with increasing pH. pH modtifetes

electrostatic charge, and thereby the electrostatic int@madbietween charged groups



on the chain. An increase in pH, for e.g. would introduce a net eletitostaulsion
on a chain with a large number of acidic amino acids, or conveas#dgrease in pH
would do the same for a chain with a large number of basic amids°&8i In the
absence of refolding events, for a random heteropolymer, changbieimet
electrostatic interaction should therefore cause expansion opsmll@his effect can
be tested on acid-denatured BBL through T-jump FRET experimaith®ugh at
progressively higher pH a significant contribution from folding can be expected.

If unfolded proteins are indeed random polymer-like in their swedinth
collapse properties, then sequence effects on these properties shosklf-be
averaging. This is to say that these properties should depend ohly nettsequence
composition of a protein and not on the sequence itself. The dependencpesfips
of the unfolded ensemble on chain sequence versus dependence on sequence
composition can be tested on a randomized sequence variant of tha BBLe
Such a sequence could be obtained so as to have no propensity for structure under any
condition. The effect of an additional parameter, pH, can now also babaesby

bulk FRET and T-jump experiments on the randomized version of BBL (Ran-BBL).

1.4  The Effect of Kosmotropes on an Unfolded Protein

While chaotropes induce chain swelling, kosmotropes, which inteaaglg
with bulk water, are expected to exclude the protein from the bulkien’>® The
presence of kosmotropic cosolvents can, in principle, bring about poat@ipaction.
Kosmotropes are known to stabilize the native state againstahdenaturation.

The effect of added cosolvents (chaotropic or kosmotropic) on proseiismately

10



connected with the changes in solvent quality they bring abousotiealled indirect
solvent-mediated effect. The perturbation of the conformational spdcstability of
the unfolded protein and the stability of the folded protein in the presdéragded
cosolvents, stabilizing or destabilizing as they may be, coulduagatto the folding
mechanism of proteins in crowded cellular milieu, where organic mlec
dissolved salts and large macromolecules interact with the pr&ased on simple
polymer solution thermodynamics arguments, kosmotropes and chaaditipesn
their effects on proteins due to differences in their interactidtis the solverff®*
Their effect on the size distribution of the unfolded protein, for ean,be studied
with acid-denatured BBL. Strong, neutral kosmotropic salts suchGsahd NaCl
can be used to test the effect of kosmotropes on the acid-denatueedViéiat
remains to be seen is if the addition of cosolvents to the denatur@thl@asbrings
about chain compaction alone, or also restructuring in the spirit Ieindaced
refolding of acid-denatured apomyoglobin illustrated in a sefiewtles by Fink

and coworkef¥® and several other proteins.

1.5 Research Objectives

The stage is set for a detailed study of the effect divexse range of
thermodynamic conditions on the unfolded ensemble. Specifically, ttielansatured
state of the downhill folding protein BBL serves as an ideatesy to study the
thermodynamic properties of an unfolded ensemble in the absence pétoam
folding reactions, even in the absence of denaturant. While smFRiefiragnts can

yield a wealth of data on the dependence of the size and dynamigsfobded

11



proteins in isolation from signals coming from the native proteirretie a lower
limit to the denaturant concentration in which an appreciable populatiaheof
denatured state can be observed. Properties of chain collapse andi@xpa the
absence of folding reactions and denaturants, an observation evasivekto bul
experiment, have been addressed by equilibrium bulk FRET and nanose@nd las
FRET T-jump studies on the expansion and collapse of acid-den&&ledHigh
temperatures bring about a collapse in the acid-denatured enshkralitean increase

in the hydrophobic effe€t and induce an initial speed-up of collapse followed by a
slow-down due to stronger chain hydrophobic interactions. These stuatiebec
extended by measuring the degree of expansion and collapse of Bt pnesence

of the chaotropes GdmCI, urea and kosmotropic cosolvents such as NaGChnd
The relative contributions of solvent viscosity and direct intemastof cosolvents
with the protein backbone are expected to slow down the diffusivengs of end-
to-end contact formation and collapse of a random chain. Thesesgefi@ct their
dependence on temperature, can be studied by measuring cobdesein the
presence of chaotropes, after having characterized theatefi@ the equilibrium
population. If kosmotropic effects bring about protein restructuring, a novel
experimental scenario can be envisaged where refolding dymarhia downhill
folding protein in a highly protonated state can be studied by IRMp
measurements. Finally, the theoretical basis for the anabfsikhe equilibrium
properties of unfolded chains lies in polymer physics and long-standeas iof
polymer solution thermodynamics which will be applied to the arsabfsthain sizes

of the unfolded states of different proteins.
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The unfolded ensemble can be described as having the propertraaddma
coil. Thus, its properties should be a function of the net interactioaabf eesidue
with its environment. The specific effect of sequence on the prepaftian unfolded
protein will be tested on an unstructured peptide, with the same sequence domposit
as BBL, but with a completely randomized sequence. Chain size aathag of this
randomized sequence can be measured to give a clearer pictpexifit sequence
effects in events such as random hydrophobic collapse.

Ultimately, the goal is to provide a deeper understanding of ttmgol
landscape at the top of the funnel, so as to understand folding mechatasting
from unfolded sequences, and indeed, to predict the structures of foldethgprot
solely based on its sequence. While several decades of rehasecigone into our
understanding of the native state, gaining an understanding of the unéolsietible
is the other side of the coin in the study of protein folding mecmanishese studies
are especially critical in the light of the finding that gavdunctionally important
proteins have been identified as being natively unfolded inside ti&%edind that a
balance towards a larger fraction of charged residues, comparbgdtophobic

residues, renders them unstructured in physiological conditions
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Chapter 2.  Experimental Techniques: Principlesand
Methods

2.1  Forster Resonance Energy Transfer (FRET)

2.1.1 Fluorescence Spectroscopy

Electronic absorption of light refers to the interaction of aineguanta of
light of a specific energy with the electrons of a molecutzompanied by an
excitement of the molecule’s electrons to higher quantizedretec energy levels
such as the first singlet and second singlet excited statg, ifs electronic ground
state. The excited electrons can return back to the ground staevédnal processes:
traversing several vibrational and rotational energy levels in thatedxginglet state,
returning to the ground state by spontaneously emitting a photon ngras@r to the
excited triplet state, interconversion between vibrational and on#dtstates in the
ground state, and losing their energy by non-radiative processese HBeveral
possibilities are summarized in the Jablonski diagram (Figudgb$prbing groups in
proteins are the amide group which absorbs at about 220 nm owimg*tdransition
and at about 195 nm due ta& transition. Most side-chains absorb light below 200
nm. Phenylalanine, tyrosine, tryptophan, cysteine, methionine and disulpbigss gr
absorb radiation at wavelengths just below 300 nm.

Fluorescence is a class of molecular luminescence which involves

spontaneous emission of light by molecules that have excited singletistitens. It
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is preceded by absorption of a quantum of light, following which artrelefrom the
ground state is excited to the singlet state. Under nedanditions this excited
electron can return to the ground state by spontaneously emitgohgptan. This
phenomenon is called fluorescence. Fluorescing molecules emiatigfdvelengths
typically longer than the excitation wavelength due to wha&hmvn as the Stoke’s
shift. This shift is seen because of rapid interconversion betwaréus vibrational
bands in the singlet and ground state, thereby reducing the amamdrgl carried
by the emitted photon. In practice, the probability of spontaneous iemist a
photon by an excited molecule (quantum vyield), the intensity of #geree and the
final wavelength of the emitted photon can depend on the properties ofdlecule,
properties of the surrounding solvent and specific interactionsagtioas that the
fluorophore may have when in the excited state. It is for theasoms that
fluorescence is widely used in the study of protein folding, sihcalows the
possibility of tracking changes in the local environment of smeditiorescing
groups. Tryptophan, tyrosine and phenylalanine comprise the intrinsic fluoropmores i
proteins. It is common to chemically attach extrinsic fluorophooeproteins to
monitor conformational changes, since fluorophore absorption, emissiompmnatat

correlation time and anisotropy are sensitive to the environment.
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Jablonski Energy Diagram
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2.1.2 Resonance Energy Transfer (RET)

Resonance energy transfer describes the non-radiative tarefergy from
an excited donor to an acceptor in its vicinity. The class of R&fli$ described here
is heterotransfer, wherein the energy is transferred betwesrifferent kinds of
chromophores. This energy transfer process occurs through irderaetiween the
transition dipoles of the donor and acceptor. Forster connected the thite efergy
transfer phenomenon to the rates of fluorescence decay and norveadiatirgy
dissipation in the donor by the Forster rate equation and the disibiseparation

between the donor and acceptor.
6
%) (2.1)

wherekr, kp andkp; are the rates of energy transfer from the dondhéoacceptor,
the rate of decay of fluorescence of the donor, #ral rates of non-radiative

dissipation of the excited electron in the dona@spectively.zp is the intrinsic
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fluorescence lifetime of the donor, afy is the characteristic Forster distance or
Forster radius. The energy transfer efficiency dees the fraction of energy
transferred from the donor to the acceptor in campa with the total energy

absorbed by the donor.

- R 3%y D (2.2)

( RS+ R6) Toa Qoa

wheretpa is the lifetime of fluorescence of the donor ie firesence of the acceptor,
and Qp and Qpa, are donor fluorescent quantum vyield (QY) in tHesence and

presence of the acceptor, respectively. Since tlexgg transfer depends on the
interaction between molecular transition dipole neats, a 1/8 distance dependence
is observed. The Fdrster distance is a numberdifates the distance at which 50%
of the energy absorbed by the donor is passed thetacceptor. It is arrived at based
on a derivation by Forster, which connects thisatise to the spectral properties of

the donor and the acceptor.

©9000.IN10c?Q, J
1287°7* N,

R® (2.3)

where x?

is an orientation factor describing the angulaerdation between the
transition dipole moments of the donor and acceptdative to the physical angle
between the two chromophord3; is the intrinsic quantum vyield of the dondris

the spectral overlap integral between the donoraaeéptory is the refractive index
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of the bulk solvent, antls is the Avogadro number. The overlap integralan be

calculated from first principles to arrive at a \eéangth dependent expression below.

J= j f (1).e,(1).A".dA (2.4)

where fp(1) is the normalized donor fluorescence signal axgd) is the molar
extinction coefficient of the acceptor at the wawvgjthA. Apart from considerations
concerning the orientational averaging of the darat acceptor which affeef, the
Forster theory can be readily applied to a paicakfully selected chromophores to
serve as a ‘spectroscopic ruler’ to measure distbetween the donor and acceptor.
On the issue of orientational averaging of the mdks, fast averaging of the donor
and acceptor transition dipoles, relative to flsoence decay lifetimes of the donor
and the rate of motion of the donor relative to délceeptor, results in a value of 2/3
for complete isotropic dynamic averaging of the alomand acceptor, which is
assumed to hold true for applications to proteiecsscopy. This however, is not a
trivial assumption to make and care needs to bentatk considering interactions of
the donor or acceptor with its environment, andoangarison of the lifetime of
fluorescence decay with anisotropic motions ofdbeor or acceptor.

Experimental ConditionsThe end-to-end distances for the protein BBL, unde

varying conditions, were reported by a FRET-paimpasing two fluorophores,
naphthyl-alanine (the donor) and dansyl-lysine @heeptor) at the N and C termini
of the protein BBL, respectively. Naf-BBL and NaBB-Dan, the singly and doubly-

labeled versions, and Ran-BBL a doubly-labeled oamded sequence of BBL with
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the same FRET pair, were produced by solid-stagenatal synthesis by California
Peptide Inc., Napa, CA. Equilibrium FRET efficienayas determined by evaluation
of the quantum yield of the donor in the doubly ambly-labeled versions of the
peptide. The quantum vyield of the donor was meadsusg comparison of
fluorescence from the emission band of naphthytak spanning 300 to 450 nm,
with that of N-Acetyl-L-Tryptophanamide, which hasguantum vyield of 0.13 at pH
7.0 and 298 K. All fluorescence measurements werdopned on a Jobin Yvon
Fluorolog-3.v.2.2 (Edison, NJ), at a protein coricaion of approximately 25M at
pH 3.0, in 20 mM citrate buffer with excitation 288 nm, a bandpass 5fnm at the
excitation and emission side, a 0.25 second integrame and 1 nm resolution, in 1
cm path length cuvettes.

Buffer reagents were of chemical graddtained from Merck. Salt
concentrations in protein samples were measurewdight. NaCl was purchased
from Merck, Protein concentrations were estimatgdlbra-violent (UV) absorbance
spectroscopy on a Caryl00 Bio spectrophotometerigi’dnc., Palo Alto, CA) by
measurement of absorbance at 266 nm, the isoslpesticfor absorbance variations
of dansyl-lysine with pH, and at 280 nm, the abaode maximum of naphthyl-
alanine. The molar absorptivity of naphthyl-alanineH 3.0 is 3,595 Mcni' at 266
nm, and 5,526 M.cmi* at 280 nm, similar to that of Naf-BBY. Naphthyl-alanine
and Naf-BBL concentrations were estimated as tlexa@e from determinations at
the two wavelengths. Naf-BBL-Dan has a molar atatp of 8,345 M*.cm™* at 266
nm and pH 3.0. These values remain invariant widit €£oncentration and

temperature. Dansyl-lysine absorbs at 266 nm withtsorptivity of 4,528 M.cm™*
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at 266 nm and pH 3.0. N-Acetyl-L-Tryptophanamidelan absorptivity of 5,690 M
! emt at pH 7.0) from Sigma-Aldrich was used as the daath for quantum yield
determinations. Th&, of the FRET-pair was also evaluated at varyingpematures
and cosolvent concentrations, to enable calculatioaverage end-to-end distances
from FRET measurements in a whole range of sangieittons. Naphthyl-alanine
has a quantum yield of 0.13 at pH 3.0 and 298 Kiclvklecreases with increasing
GdmCl concentration and temperature. Increasingeamations of urea were found
to have no effect on the quantum vyield of naph#ighine. The variation in the
absorbance of dansyl-lysine in the spectral ovargmon with naphthyl-alanine, was
also measured at varying concentrations of costdvand temperature. The spectral
overlap integral does not change with varying oomal concentrations, and it
increases with temperature. We assume a value3ofo2/?, the orientation factor
since the donor and acceptor transition dipolesframly rotating>. The R, of the
FRET-pair is 1.86 nm at pH 3.0 and 298 K, and deswe with increasing
concentration of GdmCI.

FRET measurements on Ran-BBL, the doldtlgled randomized BBL
sequence with the same donor and acceptor painBBBL-Dan, were performed in
the same conditions, but with concentrations of pmetein at 10uM. FRET

efficiencies were estimated by comparison withftee naphthyl-alanine label.

2.2 Circular Dichroism Spectroscopy (CD)

Chiral molecules are asymmetric, anchsmolecules are said to be optically

active. Biomolecules of interest, such as DNA amutgins are chiral and hence are
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optically active. What does it mean for a moledolde optically active? When light
of a certain wavelength passes through an absodmangple, the intensity of the
transmitted light is lower. Consider this incidéght to be linearly polarized, with its
electric field vector oscillating along a given mpéa with varying amplitude. A
linearly polarized light beam is effectively, a domation of two in-phase, like
amplitude, oppositely-sensed circularly polarizeghtl waves. In an optically active
sample, due to molecular asymmetry, the refractidex (propagation velocity in the
medium) for the two forms of circularly polarizedHht are different, giving rise to a
change in the angle of the linearly polarized liglihis is known is circular
birefringence, or optical rotatory dispersion. biddion, there is also a difference in
the extent of absorption of the two circularly padad components of the linearly
polarized light wave, by the optically active samprlhis property is called circular
dichroism, with the measured quantity being thded#ince in absorption between
right and left circularly polarized light by theyasmetric sample. Proteins are highly
asymmetric because of their secondary and terstmycture and because of the
asymmetrica-carbon centers. For the former type, also knowsuger-asymmetry,
optical activity arises because of the interactiogtween transition dipoles of
absorbing chromophores. These are the interacti@misallow circular dichroism to
measure protein secondary structure. In the famdVelength region (190-250 nm),
an isolated amide group has an electronic absorpeak at 222 nm due to a weak
nr* electronic transition, and another electronicapson band with a peak at 195
nm due to arn* transition. In proteins, owing to the interactibetween the several

amide transition dipoles in an orderedhelix, thenn* transition is predicted by the

21



Exciton theory to have two components. One tramsiticcurs at a lower energy with
the transition dipole parallel to the helix axisdahe other at a higher energy, with
the transition dipole perpendicular to the helixsaklence, the absorption duento*
transitions is split into a negative and positieeiglet, the former at 208 nm due to
the parallel component of the transition and thheotat 190 nm due to the
perpendicular component. A random coil on the othand shows CD peaks at
predominantly 195 nm, similar to an isolated antded, due to ther* transition
and another at 230 nm due to the transition.p-strands have a negative absorption
band at about 215 nm and a positive band at ab6Qt rin. Proteins with a
combination ofu-helices,p-sheets, an@-turns show CD spectra with a combination
of absorbances from the different sources of alasmd.

An instrument measuring electronic CD is callegpacsropolarimeter and its
output is typically in millidegrees. The historicedason behind this form of the
measured quantity lies in the fact that differdnéiasorption of the two circularly
polarized components by an optically active sulistayields a transmitted light beam
with unequal amplitudes of the electric field vectd the two components. These
combine to give an electric field vector which gaan elliptical path. The tangent of
this ellipticity is related to the different ampides of the two circularly polarized

components.

E _ E |1/2 _ I 1/2
tand = — =1 : (2.5)
Er + E |rl/2 + |I1/2
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where E represents magnitude of the electric field vectionrsthe right and left
circularly polarized light, andl, their respective intensities. Upon approximating
tangent of the ellipticity to be numerically equalthe ellipticity itself (due to the
small magnitude of the ellipticity), and replacittygnsmitted light intensities by the
absorbance of the sample from Beer's Law, one caxeaat the expression for

ellipticity in degrees:

~ AA(In10).180
4

0 =32.99AA (2.6)

where 4A is the difference in absorbance of the left amghtricircularly polarized
light. This quantity can be normalized to give maipticity [6] in deg.cri.dmol?,
which accounts for the path lendtin units of cm traversed by light in the optically

active medium, and the concentrat®mf the macromolecule in units of M.

1006

01==¢,

deg.cnt .dmof (2.7)

An additional normalization, included for proteinsecause of the repeating

chromophoric amide bond, yields the mean residliptieity:

10060
4],.. = ——deg.cnt .dmot 2.8
(6] s CIN g (2.8)
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where,N is the number of amide bonds in the protein. Stheetypical instrumental
read-out is in millidegrees, the conversion frorad:@ut to mean residual ellipticity
is:

o
4], = —eadout qag cnt .dmof 2.9
(0] s 10CIN g (2.9)

Analysis of CD-spectra is further discussed in fbBowing section on
Singular Value Decomposition of CD data.

Experimental ConditionsCircular Dichroism (CD) experiments were perfochusn a

Jasco J-815 spectropolarimeter. All measurements made using Naf-BBL or Ran-
BBL at a concentration of ~5@M in 20 mM citrate buffer at pH 3.0. Mean residual
ellipticity was estimated based on the concentnati,easurements of Naf-BBL or
Ran-BBL for each sample. Temperature-based unfghdiss monitored by collecting
CD spectra with 1 nm resolution in a temperatungeastarting from 268 K to 368 K,
every 5 K using a cuvette of 1 mm path-length, waithandwidth of 2 nm, a response
time of 16 sec and a scan rate of 10 nmiim continuous scanning mode. The
reversibility of each run was checked by compasgpgctra at 298 K collected before

and after each temperature-ramp.

2.3  Singular Value Decomposition (SVD)

Singular value decomposition refershie theory and procedure which states

that any matriXA can be decomposed into a product of three matrices
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A=USV (2.10)

whereU is a unitary and orthogonal matrix, whose coluraresan orthonormal basis
set for the set of vectors (columns)An S is a diagonal matrix with the diagonal
values representing singular values for the bastovs inU in decreasing order of
magnitude along the diagonal, adl is another unitary and orthogonal matrix
containing the least-squared coefficients that megse the original matriA upon
multiplication with US. This procedure finds immediate application in fiedd of
spectroscopy, as any series of spectra which lnea combination of a set of basis
representative spectra, can be split into theirividdal linearly independent
contributing components, i.e. a procedure simibabiit more robust than traditional
principal component analysis. These componentfoared in the columns of the first
matrix U, with the first vector inU being the average representative vector or
spectrum of the data-set & The singular values i8 are numerical estimates of the
degree of contribution of each of the orthonornmeadib vectors or spectrath to the
overall series of spectra A& Finally, the matrixV charts the changes in amplitude for
each basis vector 1d. This procedure is advantageous for various reagoaddition

to principal component analysis. It offers the pafisy of eliminating or reducing
spectral noise, as the noise component often turhas a distinct vector in the matrix
U. Moreover, in spectroscopy, changes at particwiavelengths are indicative of
changes in a specific structural property or spédtansition being observed. The
vectors in the matri®/ however are calculated after taking into accohet eéntire

spectrum, and contain the varying amplitude forhee@mponent vector it. For
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example, in CD experiments this would mean lookihthe changes in the amplitude
at 222 nm for the alpha-helix from the correspogdiactor inV for the basis set i
that most resembles the average helical spectrgomlly the first column for a
helical protein, instead of simply the signal aR 2&n in the raw spectra. The second
column inU can be representative of other structural sigeatsuch as random coil,
B-sheet, of-turn or could be a complex mixture of signals.gkneral, red or blue
shifts of a spectra, and relative correlations wti-eorrelations between different
structural signatures present in each spectral beabsured by any procedure such as
absorbance, CD, fluorescence or IR can also beegliftgm the orthonormal basis set
of vectors produced in the matiix by SVD. Finally, SVD allows for the possibility
of reducing the effective rank of a rank-degenelatge data-set, thus reducing the

computational load of analysis.

2.4  Infrared Spectroscopy (IR)

Infrared spectroscopy is a class of vibrationactpscopy which measures the
absorption of light at frequencies that activataduwibrational modes in molecules. It
turns out that light with frequencies in the ingdrregion have the right energy for
exciting the vibrational modes of atoms in a molecA non-linear molecule with
atoms ha8n degrees of freedom, of which three are translatiand 3 are rotational.
The remaining(3n-6) degrees of freedom correspond to the fundamentales of
vibration of atoms around bonds that connect thaiysorption occurs when the
frequency of light matches the energy needed tatee>an atom from its ground

vibration state to higher excited vibrational st&endamental absorption frequencies
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are responsible for such transitions to the fisstited vibration state and overtones
are frequencies for states above the first exaitlechtional sate. In addition, one can
observe absorbance bands corresponding to a catobiraf vibration modes and
also when different vibrations mutually cancel f@iénce bands). Typical vibrational
motions include symmetric and asymmetric bond dtieg, and twisting, wagging,
deformation, scissoring and rocking motions whioh @l bending motions. Organic
groups of interest in biological applications haaracteristic absorptions pertaining
to specific vibrations. But, the observed frequenityensity and probability of
absorption is influenced not just by the naturehef atoms and bonds involved, but
also the presence of neighbouring atoms that affiécational motions. In proteins,
IR absorption is centered around mainly three baflle amide | region around 1650
cm* contains contributions from the amide C=0 stretghiC-N stretching and N-H
bending. The amide Il region around 1570"dmas contributions from C-N stretching
and N-H bending. Absorption in the amide Ill regiammund 1300 cih comes from
C-N stretching, N-H bending, C=0 stretching and @¥®ending. In addition the
amide A region has contributions from C-N stretghint about 3300 cth The amide

| region is usually invoked for identification ofrgiein secondary structure with
absorption in the 1621-1640 &nand 1671-1679 cthregion coming fronp-sheets,
1651-1657 cii from o-helix, 1641-1647 cih for random coil, and 1658-1671 ¢m
and 1681-1696 cthfor turns and bends. In addition, in the amideefjiona-helices
absorb around 1545 ¢hand B-sheets around 1525 @mA typical IR spectrum

consists of several of these bands in any giveiomegnd they can be deconvoluted
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and split into constituent bands by fitting the ctpem to a combination of
representative Gaussian distributions for eachrabsoe band.

The instrumentation for measuring infchiabsorbance at equilibrium usually
involves fourier transfer infrared spectrograph3 1. FTIR is different from a
typical scanning IR spectrograph with a monochremats in that it has a Michelson
interferometer, which has two mirrors, one stattgnand the other mobile. The
different wavelengths in the IR-beam are split aeamt to both mirrors, and the
reflected beams undergo constructive and destricinterference at different
positions of the mirror. Hence frequency becomdsnation of the position of the
moving mirror. Thus, absorbance at different freoues can be collected
simultaneously, with the additional step of Fourieansforming the collected
absorbance to convert it from being a function @fon position to that of frequency.
This enables collection of a large range of fregiesntypical of IR absorption, in
very short periods of time.

Experimental ConditiondNaf-BBL samples for FTIR measurements were prepate

a concentration of 2.5 mM in buffers of 20 mM camication, after three cycles of
dissolution in DO, complete heat denaturation, flash freezing gogHilization. The
measurements were performed on a Jasco FT/IR-439@-A spectrograph at a
spectral resolution of 2 ¢ with 100 accumulations for each condition, witsioe

apodization.
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2.5 Dynamic Light Scattering (DLS)

Light scattering or photon correlatiopestroscopy is a technique that
measures scattered light from particles to estin@ateperties of the scattering
particles such as radii of gyration, hydrodynamadius, diffusion coefficients for
translational Brownian diffusion of the particles solvents and their molecular
weights. The principle of light scattering is basedthe interaction of electrons in the
particle with incident light, and their ability tisperse it in directions different from
that of light incidence. Rayleigh scattering is #implest theory that can describe
elastic light scattering. Such scattering would éhaan inverse fourth power
dependence on wavelength.

Static light scattering involves thedstwof scattering by molecules which are
either static or in practice, moving in a speciéind non-random direction. The
average amount of light scattered by the partielpedds on the wavelength of the
light used, the refractive index of the solutionsaspension, the angle of observation
with respect to the direction of incident lightetlsoncentration of particles in the
suspension or solution, their molecular weightés)d their shape and size. Radii of
gyration and molecular weights can be routinely sneed by static light scattering
for molecules such as proteins, but the radii ahtign obtained must be interpreted
with caution as this measured quantity dependsestiape the molecule.

Dynamic light scattering on the othendhameasures scattering from particles
that are freely diffusing in solution due to Browani motion. Since at any given
spatial point being studied, the local concentratibparticles is constantly changing,

here fluctuations in the scattered light are messuais opposed to average scattering
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measured in static light scattering experimentse TAindom motion of particles

depends on their diffusion coefficient and the tha@renergy in the system.

12)

whereD is the diffusion coefficient in units of és*, Ris the ideal gas constaiitjs

the absolute temperature of the system,faadhe friction factor, associated with the
shape of the particle. Randomly fluctuating ligbatsering intensity can be analyzed
with an auto-correlation function which connecte tthecay of the autocorrelation
function with correlation time, which turns out b an exponential decay in its

simplest form for monodisperse samples:

AZ) =< 1(0).l {t +7)> (2.12)

In[A(z)] =In[ A] —[8 nz.nz.sinz(gﬂ.q (2.13)

whereA is the autocorrelation function for intensity fluations with correlation time
7, | is the intensity of light scatteregl,is the refractive index of the mediuhjs the

angle of observation of scattered light with resgecincident light. Hydrodynamic
radii (R,) can be estimated from the diffusion coefficidmbugh the Stokes-Einstein

equation:

kT
67nD

2.14)
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where is the viscosity of the solution or suspensionisTéstimate depends on
several properties of the scattering particle saglshape, surface charges, structure,
interaction with the solvent to produce viscousgdi@nd properties of the solvent or
medium itself, such as ionic strength.

Conditions for experiments performed by Dr. Begdfianterroso at the German

Rivas Laboratory at CIB-CSIC, MadriQuasi-elastic scattering data were acquired

by a 825 nm laser light scattering detector (Dyoapitan, Protein Solutions, Inc.)
equipped with a Peltier type cell holder and uanguartz cell. The light scattering
instrument reports an autocorrelation function coteg from fluctuations in
scattering intensity every 10 seconds. Measuresneete carried out at temperatures
varying between 0 and 60 °C at 5 °C intervals, allmlving the temperature to
equilibrate for 5 minutes before collecting datm @ sample of Naf-BBL at a
concentration of 1 mM. Raw data were acquired uddygpamics V6 (V.6.3.18,
Protein Solutions, Inc.), and exported as textsfifer subsequent processing and
modeling using user-written scripts and functions MATLAB (Ver. 7.3,
MathWorks, Natick, MA). Quasi-elastic light scattgy data are reported in the form
of an autocorrelation function describing the tidependence of the correlation
between scattering intensity at any given time #mal intensity at a subsequent
increment of time . For a single scattering species, the autocdiwalgunction

(ACF) is given by:

ACF(r) = ACE, + ACF,, exp(-2Ddr) (2.15)
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whereACFyhax andACF« are, respectively, the values of ACF in the slaod long

time limits, g is the scattering vector, which at a scatteringleof 9¢ is given by

qz%sin(ﬁél), andD is the translational diffusion coefficient of tiseattering

species.

All dynamic data collected for each sample at espécific temperature —
typically between 9 and 20 autocorrelation functienare averaged to yield a mean
and standard deviation f&*CF(z ). Fitting of equations to these combined data is
performed using non-linear least-squares minimozabf chi-square. The apparent
hydrodynamic radiu&,,p, was calculated according to the Stokes-Einsteatioa for
a diffusing spherical particle. Measured valuestloé diffusion coefficient are

corrected to reference conditions (water, 20°Cpating to:

D20w = Dmeas 7 o 293 (216)
' Maow \TCC)+273

wheren andi,ow denote the viscosities of the solution and watt@02C,

respectively, and the temperature in Celsius.

2.6  Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance (NMR) spsctpy is unique among the
methods available for the determination of the cttmes of proteins at atomic

resolution, since the NMR data can be recordediatisn. In NMR experiments,
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solution conditions such as the temperature, pHsaltcconcentration can be adjusted
so as to closely mimic a given physiological envim@nt. Conversely, the solutions
may also be changed to extreme non-physiologicadliions, such as in studies of
protein denaturation. In addition to protein stawmetdetermination, NMR applications
include investigations of dynamic features of theleaular structures, as well as
studies of structural, thermodynamic and kinetipeass of interactions between
proteins and other solution components, which m#yeebe other macromolecules
or low molecular weight ligands.

Spectral analysis is primarily focusetdtbe positions of the individual NMR
lines in the'H NMR spectrum, as given by the “chemical shiftf,garts per million
(ppm) relative to a reference compound. Althougha themical shift is primarily
determined by the covalent structure of the aminml aesidue, it can also be
significantly affected by the interactions with trevironment. Therefore, the
exclusion of water from the interior of a globufaotein causes the chemical shifts of
the core residues to be different from those of wia¢er-exposed residues, so that
even NMR lines originating from multiple residudstioe same amino acid type can
be distinguished. This ‘conformation-dependent dbehshift dispersion’ was found
to be sufficiently large to enablél NMR studies of protein denaturation. This then
indicated the exciting prospect of using NMR fotailled studies of protein folding,
and in particular for distinguishing between twatetand multiple-state folding and
unfolding transitions.

Two-dimensional (2D) NMR spectra providgeore information about a

molecule than 1D spectra and are especially usefdétermining the structure of a
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molecule, particularly for molecules that are toonplicated to work with using one-
dimensional NMR. We used the 2D SOFAST-HSQC (Heteclear Single
Quantum Coherence) experiment using the naturahdence of theN isotope.
Each residue of the protein has an amide prot@clzdd to a nitrogen in the peptide
bond. If the protein is folded, the peaks are Uguaéll dispersed, and most of the
individual peaks can be distinguished. HSQC is uls&d screen candidates for
structure determination by NMR.

Experimental ConditionslD and 2D spectra were collected for Naf-BBL 8B X at

pH 7.0 and pH 3.0 with no salt, and at pH 3.0 w&hM LiCl, with protein
concentration at 2 mM, also containing 10%0Dand 10 mM 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) as the referewdé, at least 10000 scans for good

signal and well-resolved HSQC cross peaks.

2.7  Laser Temperature-Jump (T-jump) Instrumentation and Measuremets

The application of laser spectroscopythe study of protein folding stems
from the need to study dynamic processes in prddting, which can occur in the
timescale of one to tens of nano-seconds to semecabseconds. Laser beams have
the advantage of being highly monochromatic, catied and coherent, and can be
pulsed and tuned to various degrees dependingeamifisprequirements. The type of
experimental set-up employed for the processegtstudied here is the pump-probe
experiment. This set-up involves the ‘pump’ stepjoh is basically the use of laser
light to heat the sample, triggering a deviatianirequilibrium for the molecules in

the sample. This is the T-jump which is typicaliggered by an IR-beam that is at a
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wavelength that matches the IR absorption b For D,O. The pump is then

followed by the probe, which is a spectroscopidoprof the process taking place. In
our experiments, we monitored either IR absorbdncéhe protein or fluorescence
emitted by a fluorophore on the protein. Both tReahd fluorescence/FRET T-jump

apparatus in the lab were set up by Dr. Michelar@wra.

IR T-Jump Set-up

M/’

2
°
=
£
o

1907 nm

1610-1680 cm!

IR Detector

PE

Figure 2.2 Schematic diagram of the IR laser T-Jump Specbs set-up.

The IR T-jump set-up was installed to measure dtarstic absorbances by a
protein in the Amide | and Amide Il regions. Thenqubeam was provided by a Nd-
Yag Laser from Litron Lasers (Rugby, UK), which gugces a pulsed laser beam at
1064 nm at 1, 2, 4 and 8 Hz. This beam is frequashiffed to 1907 ci by a H-

filled Raman cell from Light Age (Somerset, NJ),ighis the absorbance maximum

for O-D bond stretching in f®. Heating is carried out by 5 ns pulses of the pum
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beam, from a single direction in the sample chanaiea power of about 20 mJ,
heating a total volume of about 40 nl in the beat gvery 0.5 s. The heating spot is
about 1 mm in diameter. The probe beam has a desmét150um at the sample,
corresponding to a probe volume of 0.1 nl, andadsr&tinuous-wave IR beam aligned
with the pump beam and is generated between 16d0L&80 crit by a Quantum
Cascade Laser from Daylight Solutions (Poway, GAansmittance from the sample
is detected by a MTC IR detector from Kolmar Tedbg@s (Newburyport, MA).
Since the probe beam is continuous, the samplébegorobed starting from 10 ns
after the pump beam has heated the sample to 4Bouis, when the sample begins
to cool down again. Detection can be carried oaingtgiven characteristic frequency
depending on equilibrium FTIR measurements for ifipestructural signatures in the
protein.

Experimental ConditionsThe sample conditions for IR T-jump experimentsembe

same as those for equilibrium FTIR, i.e., 2.5 mMtem concentration, with 50M
sample path lengths and collection every 0.2 ngHerfastest processes in the range
of 20 ns (divided into T0intervals), and every 4 ns for processes in the tcale of
0.4 ms (again divided into 10intervals). The resolution of the instrument is

determined by the IR detector, which is ~5 ns.
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Fluorescence T-Jump Set-up
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Figure 2. Schematic diagram of the FRET pump-probe lasgunip
spectroscopy set-up.

The set-up for fluorescence follows shene ‘pump-probe approach’, however
the heating beam is Raman-shifted to 1560" &y a cell containing methane. This
allows samples to be prepared ip(H Heating is carried out by two 20 mJ heating
pulses of 5 ns duration separated by 125 ms (foming at 8 Hz), impinging on the
sample from opposite directions. The probe beana iElV-beam produced by
frequency quadrupling to 266 nm by a fourth harroagenerator from Minilite, and
Raman-shifting to 288 nm, a 1064 nm beam produged Becond Nd-Yag laser.
Detection is carried out 9@o the heating beams by a CCD camera from Princeto
Instruments (Trenton, NJ) that records entire spEnwavelength (a fluorescence

spectrum). The delay between the pump and probm$ésa generated by a delay
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generator from Stanford Research Systems (Sunny@ale Heating pulses were set
at a frequency of 2 Hz. The resolution of measurgmm this case is not determined
by the detector since the response time of thecteteypically is about several
fractions of a second, but is determined by therjibf the pulse delay generator,
which is typically 0.5 ns. The pump beam diametasw mm corresponding to a
heating volume of 400 nl for a sample path lendtB.6 mm, and the probe beam is
about 10QuM in diameter, corresponding to a probe volume of.4

Experimental ConditionsNaf-BBL-Dan and Ran-BBL samples for FRET T-jump

measurements were prepared in 20 mM buffer at coratens of approximately 100
uM with CS, added to the samples at a concentration of 2% {o/serve as a triplet

guencher.

2.8  Protein and Dye Concentration Measurements

Buffer reagents were of chemical graddtained from Merck. Salt
concentrations in protein samples where present wmeasured by weight. Urea and
GdmCI concentrations were estimated by refractvédex measurements of their
solutions. NaCl was purchased from MercK, and la@dl CsCl from Sigma-Aldrich.
Naphthyl-alanine and dansyl-lysine, used as retmenfor donor and acceptor
fluorescence, respectively, were obtained from Sigxidrich. Naphthyl-alanine,
dansyl-lysine, Naf-BBL, Naf-BBL-Dan, Ran-BBL and Atetyl-L-Tryptophanamide
concentrations were determined by UV absorbancetrgiseopy on a Caryl00 Bio
spectrophotometer from Varian. The molar absorgtiof naphthyl-alanine at pH 3.0

is 3,595 M'.cm™ at 266 nm, and 5,526 ’cm® at 280 nm, similar to that of Naf-
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BBL®. Naphthyl-alanine and Naf-BBL concentrations wesémated as the average
from determinations at the two wavelengths. Naf-EBan has a molar absorptivity
of 8,345 M*.cm* at pH 3.0 and 266 nih These values remain invariant with salt
concentration and temperature. Dansyl-lysine alssatl266 nm with an absorptivity
of 4,528 M*.cm* at pH 3.0 and 266 nth Ran-BBL concentrations at pH 3.0 where
similarly estimated, as it has the same two extritabels as Naf-BBL-Dan. At pH

7.0 dansyl absorbance changes although with abeasts point at 266 nm. Hence,
the same values of molar absorptivity as thoseHaB® can be used at pH 7.0 for
Naf-BBL-Dan and Ran-BBL. N-Acetyl-L-Tryptophanamideolar absorptivity of

5,690 M*.cm™ at pH 7.0 and 280 nm) from Sigma-Aldrich was uasdtandard for

guantum yield determinations.

2.9  Protein Sequences

Naf-BBL : NH;"-NafA-LSPAIRRLLAEHNLDASAIKGTGVGGRLTREDVEKHLAK-COO
Naf-BBL-Dan: NH3"-NafA-LSPAIRRLLAEHNLDASAIKGTGVGGRLTREDVEKHLA-DanK-QOO

Ran-BBL: NH;"-NafA-VKAISARLGEAHLEAESGRTLRLGDINRTLAKVPDLHG-DankK-C0O
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Chapter 3. The Unfolded Ensemble: The Effect of
Cosolvents

3.1 Introduction

The energy landscape theory of proteidifg proposed by Wolynes and
coworkers describes the dependence of thermodynanoperties of a protein on the
various structural degrees of freedom of the pnigetonstituent units, i.e., its amino
acid residues’. The basis of this statistical treatment lay im&l work by Wolynes
et al, where concepts used to study spin glasses weleadpo the statistical analysis
of protein stability’. Owing to such a statistical treatment, a freergnéunction
such as the Gibbs free energy of the ensemble eydeltures of a protein’s energy
landscape can be captured when this energy isidedas a function of a few order
parameters, whereas in reality such dependenggesdimensional. Similarity to the
protein’s native structure is one such coordinatgo@rameter, with the other one
being the average size or radius of gyration ofeth@emble. It is easy to see why this
choice of order parameters is suitable for desugiltihe free energy landscape. While
similarity to the native ensemble turns out to bmeasure of the net energetic drive
towards adopting the native structure, the radids ggration measures the
conformational diversity or conformational entropf/ the ensemble. The implicit
assumption here is that the dynamics of variabditan ensemble at a fixed average
‘distance’ from the native structure are much fadtean the search for native
interactions that would energetically drive thedfo process. This assumption

greatly simplifies the treatment of a polypeptidessarch for its most stable
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conformation, since the energetically taxing predssthe search for native contacts.
The result of such an analysis reduces the freeggnandscape to a funnel-shaped
rugged three-dimensional surface.

Such a description treats conformali@méropy at a fixed free energy, in the
simplest possible manner. For example the confoomat diversity of the ensemble
at a particular free energy at the top of the flrflusv degree of nativeness, i.e. an
unfolded ensemble) can be understood by assumiran@om distribution in the
ensemble, where the protein samples various stagitumuch like a randomly
diffusing chain. A complete description of the miat folding energy landscape
warrants not only an understanding of folding medctras leading to the native state,
but also an understanding of key non-covalent aatéyns of a protein in itgnfolded
state (intra-protein and protein-solvent), the dynanwésuch a population, and the
dependence of its properties such as size andalefjreativeness on thermodynamic
parameters such as temperature, solute or saltestraton, macromolecular
crowding, pH and pressure. On the experimental, sgladying the unfolded
ensemble has proved difficult as traditional folgiexperiments typically monitor
ensemble-averaged signals. This problem is commaunay the fact that the
population of the unfolded ensemble appreciatesy amider conditions which
destabilize the native ensemble relative to theoldefl, i.e. non-native conditions.
Therefore, this precludes an estimation of an weflpolypeptide chain’s properties
in native or physiological conditions. High resabut techniques such as NMR, ultra-
fast laser spectroscopy and single molecule FRETFRET) experiments have

enabled a direct observation of the unfolded engfm5%"*"* This chapter focuses
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on the thermodynamic analysis of high-resolutiotadeom SmMFRET measurements,
which have allowed the observation of the unfold&de, in isolation from the native
ensemble. In doing so several questions can betlgirmnswered: a) In the unfolded
ensemble how do the chain’s interactions with tleévent or solution change
observable properties such as radii of gyrationlaowl can these effects be put on a
guantitative basis. b) How do GdmCI and urea acirdslding agents, i.e. what is the
nature of their interaction with the unfolded enbésfAi c) How faithfully can
chemically denatured proteins be represented byatmdom coil model? The chapter
is organized into the following sections startinghwSection 3.2 which reviews the
widely accepted views on the mechanism of actiorumfolding agents such as
GdmcCl and urea on proteins, and the existing dshatthe field. Section 3.3 reviews
the application of polymer physics to the study edfcommon order parameter
encountered in studies of the unfolded ensemble-rédius of gyration- and the
dependence of chain size on interaction with thees, through the Flory-Huggins
theory of polymer solution thermodynamics. SectBo#h discusses our extension of
this theory to account for solutions with 3 compatseinstead of just two, followed
by a heuristic analysis of the properties of oudslan Section 3.5. Section 3.6 deals
with the analysis of SmMFRET measurements of proteifolding in the existing
literature with our thermodynamic model, finallyttviconcluding remarks in Section

3.7.
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3.2 The Effect of Chemical Denaturants on Unfolded Proteins

The first use of cosolvents and elegtrolsolutes to denature proteins goes
back about eighty years to the study of the deatitur of proteins in urea. Urea and
GdmCl are routinely used in protein folding experits to destabilize proteins and
alter the equilibrium between the folded and urddidtateS. Such unfolding studies
provide an estimate of the free energy differenevben the folded and unfolded
ensemble in native conditions by linear extrapotatiA critical question that arises
from protein denaturation experiments is the meigmanof action of denaturing
agents, and the broader question of the effect dsatolytes have on protein
structure. While it is accepted that denaturatiooues because of the favourable
interaction of proteins with denaturant moleculesnpared to their interaction with
water’, the exact mechanism which drives this interactiorstill controversial.
Several different models such as the molecularsteanmodel”’® and the site-
exchange mod&’""® point to the fact that the unfolded protein biraldarger
number of denaturant molecuféghan the folded protein. This result also finds
support in the correlation of protein foldimgvalues with the change in accessible
surface area of the protein upon unfoldfhgin a series of papers by Thirumalai and
coworkerg®*?®! the bulk of the effect of urea and GdmCI as ulifg agents has
been shown to lie in their ability to modify theefrostatic interactions present on the
chain. These cosolvents do so by screening elégtiosnteractions, as is the case
with the electrolytic cosolvent GAmCI, and by tleemiation of hydrogen bonds with
the backbone and charged residues on the chairg deect interaction or binding

with the chain. However, several rep8t® have pointed to a role that non-polar or
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aromatic groups play in the interaction with uree., that urea unfolds proteins by
reducing the hydrophobic effect, i.e. by facilitati the solvation of non-polar
residue®’. In addition, as any kosmotropic or chaotropicobesnt, urea and GdmCl
have been implicated in altering the structure afer;, and in particular as structure-
breakers. Although the widely accepted view nowhiat urea and GdmCI unfold

289 the role of these cosolvents

proteins by a direct interaction with the backbtr
in water restructuring is still widely debated. We¢hit is clear that GAmCI and urea
preferentially occupy sites on the protein backbane interact with residues, do the
thermodynamics of cosolvent-water interactionsaffeotein conformations as well?
A simple thermodynamic argument would suggest dmgt change in the cosolvent-
water interaction should necessarily influencedblwation of protein residues via the
hydrophobic effect. Water restructuring by denaitsaif it does exist, may then be
another key process in determining the stabilitypadtein conformations in mixed
solvents.

A wealth of data exists on transfer feseergies of amino acid groups into
mixed solvents, calorimetric measurements on cesprotein interactions, and the
various binding models used to describe proteimlgest interactions. The effect of
cosolvents on the properties of tinefolded statehowever, has evaded experimental
investigation due to fact that the unfolded stateary low in population in native
conditions, and bulk experiments have mixed sigaaianating from an ensemble of
structures. Now, due to the availability of infortoa on the unfolded ensemble in

isolation from the native ensemble, a systematalysis can be performed on the

dependence of their properties on solution constiorhe following sections are
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devoted to the development of a theory that isifipalty tuned to the analysis of the
dependence of chain size of simple polymers sudhegrotein unfolded ensemble,
on thermodynamic conditions such as temperaturd, solvent quality, i.e. the
presence of denaturing compounds or stabilizingleests, which implicitly make

the solvent ‘good’ or ‘poor’ for the unfolded proterespectively.

3.3 Analysis of Variations in the Size of Unfolded Proteins

The unfolded ensemble, in general, egpees an increase in size when
measured by techniques such as FRET and small Xnglg scatterint’®%, upon the
introduction of denaturing reagents such as urea@mCl. Although it has been
argued that the random coil need not necessame s a standard representation for
the unfolded stafé®? its properties such as a random coil-like deprodef chain
size on chain length and the dynamics of motions in unfolded proteifich agree
well with theoretical analys&&?” 939 give credence to the assumption that a
random coil may indeed be a reasonable represemtatithe unfolded state for the
study of global properties such its size, radiugggfation or end-to-end distance.
Given that random coil-like behaviour can be asguitweebe a reasonable starting
point for the description of the unfolded ensemialetheoretical construct that is
immediately applicable to the evaluation of endtmt distances in chains is the
Gaussian distribution. Seminal work by P. J. Flsymmarized in his landmark
textbook “Principles of Polymer Chemistry” publishen 1953, on the size

distributions of polymeric unbranched chains, shiwieat freely-jointed, random-

flight chains have end-to-end distances which rezndg follow a Gaussian
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distribution. Such andeal chain would possess infinitesimally small joints (or
beads), connected by thin links, segments or bardswould have no restrictions of
dihedral angles between the beads. This distributvould take up the following

form:

) , 3 P2 32
P(r) = 4zr '[—Zﬂ'sz} ex;{—Zsz} (3.1)

whereN is the number of bonds in the chain joining twadse(and not the number of
beads or residues themselves), éngs the bond-length. A simple dependence of

chain size on chain length results from this disttion.
(RP)= NB? (3.2)

Chains with a greater number of linkafdswould thus be larger than chains
with fewer linkages. Furthermore, chains with tiaene number of beads, but with
different measured end-to-end distances, would ldifferent effective segment
lengths according to this model. Radius of gyrat{Bg), another size measure that
gives the position-averaged size of the chain d¢sm lse estimated readily from this

model.

sz} (3.3)
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I
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Despite the simplicity of such a deswoip, several of the simplifying
assumptions made to arrive at this formalism doawttially hold true for unfolded
proteins, or any polymeric chain for that mattemiAo acid residues have finite
volumes and its atoms sterically clash with eatteigtbecause of their finite van der
Waals’ radii. Thus, such a chain would bsedf-avoiding chainwhere two beads or
residues are not allowed to occupy the same positispace. Each residue would
therefore have an excluded volume, and the enhiencwould be more expanded
than an ideal chain. Furthermore, the existencsteric clashes would also hinder
hinge-movements around the bond-linkages. Thuse tweuld be a limited range of
dihedral angles within which a given set of bondsld exist, much like amino acid
residues in folded proteins. Such a chain would teve a distance distribution with
an additional term because of its overall excludeldime. Such a term, as it turns
out, can be arrived at through a simple combinaltdéreatment using a lattice model,
and has a well established algebraic form. Brieflself-avoiding polymeon a lattice
is one where two segments (or residues) cannolapver occupy the same lattice
site. The physical quantity which determines themetxof self-exclusion of the chain
is the volume of each residue or beadThe larger this quantity, the greater are the

deviations of the self-avoiding chain from the idg@ain ensemble

[ 3 T% [-3? N2,
P(r) = 4rr .|:272'Nb2:| GX{ZNE} .ex{— >0 } (3.4)
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Besides the excluded volume effect, eadidue has energetic interactions
with other residues and solvent molecules surroundi For a protein, these would
be non-covalent interactions such as a net hydtmphmteraction, electrostatic
attractions or repulsions, hydrogen bonds, etc.y Avo residues, separated by at
least one other residue, exist in an overall, mupgential field, which further
affects the distance that may separate them inespddiwus, an additional term for
energetic interactions is included, that would sllegvdistribution in Equation. 3.4 by

its Boltzmann weight.

_ 2 3 ¥ _32 _ NZ'UC — Enteraction
P(r)=4nr '[272'sz:| ex;{Zsz} .ex;{ T } .ex%?} (3.5)

HereEinweraction IS the net energetic interaction potential of ¢hain,R is the

Universal Gas Constant, afidthe temperature. Such a potential would bias itte s
distribution function, depending on whether theigha in a ‘good solvent’ or ‘poor
solvent’. A good solvent is one in which the chaias relatively favourable net
interactions withdissimilar moieties(solvent and cosolvent molecules); in a poor
solvent residues on the chain have favourablentetactions witlother residuesn
the chain. Figure 3.1 describes the various saemaliscussed above for chain size-
distributions. Indeed a freely-jointed ideal chaiocupies a lesser volume than a

chain with self-avoiding moieties that interactiwiheir environment.
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Random-Flight Chain

Excluded-Volume Chain

Excluded-Volume Chain
with Energetic Interactions

Figure 3.1 Various scenarios for chain-size distributions

One way of evaluating this potentialdlwes a lattice method, where the chain
occupies vacant positions on a lattice site witfixad volume, with all unoccupied
sites being filled with solvent moieties. Such @atment comprises the well-known
Flory-Huggins theory of polymer solution thermodgmes. A mean-field
approximation known as the Bragg-Williams approxiora facilitates an easy
estimation of this energy. This approximation i&s evaluating the overall chain
energy by counting the various types of interactiamd their individual energies,
with the overall energy being the component-avedageergy over the lattice volume.
This procedure is described below. Figure 3.2 tilhtes the lattice method, with
occupied sites. The equilibrium reaction on thétrigjde of the figure indicates two
like-interactions being disrupted leading to a pady-solvent interaction. This is the
central assumption in the theory, where it is assithat any moiety on the lattice
has pair-wise interactions with its neighbours. fEkttice site hag neighbours; in
this casez is assumed to be 6, with 4 neighbours on the dameontal plane as the

lattice site, and one each vertically above andwel'he next important parameter is
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the volume of each bead, or sitg, A value of 100 crhmol* is a reasonable estimate

based on theoretical calculations of partial metdumes of amino acid residi&s

m[—'-

-® 00
- 00
115
o0

Figure 3.z The lattice model description. Red circles intkgarotein or polymer
residues connected by black linkers. Blue circles the solvent molecules that
occupy the remaining lattice sites. Pair-wise @t@ons are indicated by the
equilibrium reaction on the right, where two lik#@ractions @ss and ¢pp) are
broken to form a polymer-solvent interactiog,d-

Therefore the interaction energy would be:

Einteraction = _Z Nab'gab (36)

wherea andb are like or unlike moietie$\ap is the number of such interactions in the
lattice volume under consideration, aglis the positive energy of interaction (hence

the negative sign in the equation). For the latiibove:
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Einteraction:_( ss€ st N ppg pp+ N p§9 pl (37)

Let us assume that the lattice Magy sites, withN being the number of
residues in the lattice ard; the number of solvent moietieBli{a = Ns+N). Upon
counting the number of various types of interadibsted in Equation 3.7 we would

arrive at:

Eperacion=— (3 ZN. N) £ +(3 ZN Nz i+ 2N Ne ] (3.8)

Einteraction: _[(% Z( Notal - N)2 '8ss)+(% ZM).&‘ pp+ ZI\'{ NJtal_ |)|.g ps:| (3-9)

Retaining only the N-associated terms and no texsseciated withNii, Since we

are concerned only with interactions that the ngssdare involved in, we get:

E &
Einteraction == ZN2 |:? + % - gps:| (3 10)

For the equilibrium reaction shown iglie 3.2, the free energy change

associated with the reaction or each lattice-site i

AG=Ae9=%(€Ss+gpp)—€pS (3.11)
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Normalizing Equation 3.11 over the total numbelattice sites, we get:

3

N (3.12)

total —
c

-ZN° v, Ag

net interaction 3

r

E (3.13)

Combining Equation 3.13 with equation with Equat®?,

3 3z —3r? NZ.v ZN’ o Ag
P(r)=4xzr®| ———| exg — | .exp— ¢l .ex c 3.14
(1) == [Zﬁsz} F{szz} ’% 27 P RT (3.14)

and, — =y 18)

wherey is called the ‘exchange parameter’, alluding te fact that the
associated free energy arises out of an exchangeesécting moieties. Thus, for a
non-ideal self-avoiding chain whose components hawergetic interactions with

their surroundings, the chain end-to-end distaraoe lie described by the following

distribution:

. _ 2 3 T ~3r? 3 N?.0,
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Probability

End-to-End Distancer (nm)

Figure 3.2 Probability distributions for the 3 scenariosHigure 3.1. The blue
curve is a Gaussian distribution with=0.33 nm andN=50. The red curve
indicates an excluded volume chain with a volumel@® cni.mol™* per reside.
The green curve indicates a distribution with amergatic interactionde=-500

J.mol*.residué.

The energetic interaction parameteis therefore the net energy per residue
required to fully expose a sequestered residuegoha&nt molecule. This energy is
essentially enthalpic with contributions also cogirfrom entropic changes
accompanying the rearrangement of the solvent tsteicaround the residue.
Combinatorial entropic changes related to chainraegements are accounted for in
the distribution. Good solvents therefore, woulgute in expanded chains, with
favourable polymer-cosolvent interactions, indidatby a negativede. Chain
compaction results whette becomes higher, an indication of a poor solvemd, @n
energetically unfavourable residue-exposure procésgure 3.3 indicates the
resultant chain distributions when excluded voluamel energetic interactions are

taken into consideration over and above randoniuai®ns.
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Equation 3.11 yields a simple result fime two-component mixtures,
involving just a polymer dissolved in a solvent.wi&ver, for our purposes, it would
be necessary to determine the energetic interacacnompanying residue exposure
to a mixed solvent or cosolvent-solvent mixtureeTdection below describes the
extension of the Flory-Huggins theory to 3-compdnemxtures involving the

polymer, solvent and cosolvent.

3.4  Extension of the Flory-Huggins Theory to 3-Component Mixtures

The aim of this procedure is to deteeriine dependence dt on individual
contributions from several interactions. Where a-t@mponent mixture has only 3
kinds of pair-wise interactionsyy, ¢ss andeys @ 3-component mixture would have 6
different pair-wise interactionspp, &ss ps €cc, £cs aNdepe. Thus, three additional terms
account for the presence of the cosolvent. An esgioe forde should also depend on
the concentration of the cosolvent. A concentratimeasure that would be

appropriate for our considerations would be theina fraction of the cosolvent

V.

solution

Here,C is the concentration in molar of the cosolvewiy . is the molar
volume of the solute in a solution volume\gfuion The molar volumes of urea and
GdmCl molecules are 46 émol! and 73 cmmol?, respectively. The total

volume of the GdmCI species is used here, instéapmply the volume of Gdimion.
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Equation 3.6 is invoked once again t@aleate all the interactions which
contribute toEineraciion The table below lists the number of pair-wiseiattions of
each type and their respective energieandNiqi are the number of residues and the

total number of lattice sites, respectively.

Nab Nab €ab

Nss | % z.(19)°.(Nwwr-N)* |  &ss
Npp Y z.N Eop
Nec Y5 2y (Neotar-N)? £cc
Nps Z.(1-w).N(Ntar-N) £ps
Npc zw .N(Ntotal-N) &pc

Nes Zl//(]-_l//)-(Ntotal"\l)2 &cs

Table 3.1 Enumeration of the various interactions betweey tavo moieties on
the lattice, based on the Bragg-Williams mean-fagd@roximation.
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Figure 3.4 Chemical equilibria indicating the 6 differentippaise interactions in
a 3-component mixture.
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Parameters from Table 3.1 are then incorporatex Eouation 3.6, and again, only

those terms which afd-dependent anl;.-independent are retained, to give:
Einteraction: -zN° |:%gpp +%(1_l//)2 ‘S'SS-F—%l//Z‘S'CC—(l—l//) EpsVWE pc+l//( 1—1//) & c; (318)

Upon clubbing together terms of the same order, we get:

&
Einteraction: -zN° |:(8—§C+%—gcsj,y/2+(8ps+gcs—g pc € s) -l//+[%+8—325_5 p;:| (319)

The second-order and zero-order coefficients caewdly reduce tadecs and Aeps,
respectively, based on Equation 3.11. The termthénfirst-order coefficient also

reduce to a convenient form upon adding and subgaée,, and¥zc..
teraction = — ZN? [Agcs.y/z + (Ae e~ Ag —Ag CS) W +Ae p; (3.20)

The three different exchange interaction energymsefe,, represent the free energy
changes accompanying each of the three equiliboas in Figure 3.4. Therefore the
free energy change that results when a sequestesitlie, interacting with another

residue on the chain, is exposed to a mixed solgegiven by:

Ag = [AECS.I//Z +(Ag o~ As i~ As CS) w+Ae p; (3.21)
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This would be the energetic interaction term pércea site,4e, which would appear

in Equations 3.11, 3.13, 3.14 and 3.15.

3.5 Features of the 3-Component Energy Equation

A series of heuristic calculations tanbrto light features of the quadratic 3-
component energy equation and the effect of vargimgrgetic interaction parameters
on end-to-end distances is in order. The next theetions describe calculations that

would enable a better understanding of the quaddBatiomponent equation.

3.5.1 Basic Features of the Quadratic Equation

Equation 3.21 immediately points to sal/ef the effects of mixed solvents on
the size of polymer:
1) Since 4¢ represents the energetic change accompanying xXpesae of a
sequestered residue on the protein to a mixed rsoligh varying concentrations of
the cosolventy, we notice that the energetic change is necegsguédratic in its
dependence on.
2) The individual exchange energetic interactionapetersdecs, depc and deps are
indeed energetic (enthalpic) changes accompangim@tchange equilibria in Figure
3.4. Each equilibrium describes an exchange reactwhere like-interactions
between moieties of the same kind are replacedrbgséanteractions where two
different moieties interact with each other. Thtiles model is not limited by the

treatment of interactions as simple binding evem@nifested in the analysis of data
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by the use of binding polynomials, as mentione&éation 3.2. In fact, it is known
that GdmCI and urea have weak binding coefficieitsthe protein residue or
backbone, and that these solutions are highly deali pointing to interactions
between the solvent and cosolvent molecules, wbarimot be ignoref’’ 9799100
This is to say that the analysis of chemical unf@dexperiments and the interaction
of cosolvents with proteins, through binding polgmals and explicit binding
equilibria, is simplistic, but insufficient. The@mponent energetic interaction model
described here does not invoke the binding polyabmin advantage of this model is
that the eventual analysis would be inclusive dhligpes of effects: explicit binding
and indirect solution driven processes. Most imgdily, the model allows the
explicit separation of each interaction event ot tprotein residue with its
surroundings into its components, whereby, proteselvent, cosolvent-solvent and
protein-solvent interactions come out as sepaeates.

3) The curvature offe with increasing cosolvent concentration dependsedy on
the 2 derivative of Equation 3.21, i.e. the interactidretween the cosolvent and
solvent. Thus the curvature of the variatiordef and in turnR,, with concentrations
of the cosolvent, depends entirely on the physleendcal properties of the
cosolvent-water mixture, and the enthalpy of dissoh of the cosolvent in water.
This is an illuminating feature of the model, whiplts to rest the question of
whether the bulk solution plays any role at allthie expansion and compaction of
chains, as opposed to solely direct interactionsthef chain residues with the

cosolvent. The equation allows us to envisage aasewhere, even in the absence
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of cosolvent interactions with the residu¢s=0), the chain would experience an
expansion or compaction.

4) Solutions of urea and GdmCI in water have pasitieviations from ideality, i.e.
their enthalpies of dissolution are positive dugh@ir interactions with the solvent.
Urea and GdmCI are alsthaotropic cosolventsvhich disrupt the structure of water.
The free energy of their dissulotion is driven hg £ntropic component arising from
the combinatorial mixing and rearrangement of thlgest and solute species. Thus,
it is easy to see, thate.s, the energetic change (an enthalpy change to be mo
precise) accompanying the dissolution of urea amGHin water would be positive.
This automatically sets the curvature to be pasitivEquation 3.21, and thus; and

Ry variation with cosolvent concentration would beoavex quadratic curve. In case
of a solute which has a negative enthalpy of digswi in water, the scenario would
be the opposite, with negativle curvature, and concave variationsdefandRy with
concentrations of the cosolvent.

5) Each interaction type, whether cosolvent-solvg@atiymer-solvent or polymer-
cosolvent is expected to vary with cosolvent cotregion, and Equation 3.21 ensures
that this variation is captured by the quadratiaag@n. Indeed, this equation finds
utility in analyzing any 3-component mixture, asanpriori requirement pertaining to
the existence of the polymer chain is made in #sivdtion. The effect of the
existence of the polymeric chain is captured byzikfeterm in Equation 3.20. Thus,
if the polymer-dependent terms in Equation 3.2lislgnthen the energetic term

reduces to:
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Ae =—y (1-y) Ascs (3.22)

Equation 3.22 would represent the dependence ofn#teenthalpic change on
cosolvent concentration, accompanying the disswiubf the cosolvent in water. This
equation is similar to the one utilized in analgziproperties of non-ideal solutions
such as surface tension, activity coefficients dmbolution enthalpies, and their
dependence on solute concentration, by the Florygkhs theory of solution
thermodynamics.

6) The slope of 4e versus chemical concentration y,

i.e.%:(Agm—Agm)—(l— 2p)As , or the sensitivity of residue-exposure to the

oy
cosolvent concentration, is a complex combinatiballd3 types of cross interactions.
This further illustrates the point that, in prineipchain sensitivity to a cosolvent
arises not just from interactions of the chain vilie solvent or cosolventl,s and
Aepe), but also from interactions in bulk, of the saivavith the cosolvent- an indirect
effect.

Thus, Equation 3.21 could be directlplagable in scenarios where end-to-end

distance or size information of an unbranched pelyenor random coil like protein
chain (for e.g. an unfolded ensemble) in varyinghoemtrations of cosolvent

concentration is available.
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3.5.2 A Limitation of the Probability Distribution Function

The distribution function described imguation 3.16 (a neater form of
Equation 3.14), is only valid whefi-2,)>0. When this condition is not met, the

distribution tends to infinity at low distances.iFtcondition implies that once the

2

—N . . :
excluded volume termz—suc comes into play, the energetic interactions cay on
r

produce an expansion according to the above condigsince whern(1-2y)>0, it

. . RT . — .

implies, Agﬁz—, and this would indicate an expansion &s-»>-«. Thus, the
z

energy of interaction per residue at the most camgi@te is one whose scale is set
by the choice ob, the segment length of the chain. The planar ptioje of the bonds
connecting twax-carbons is 0.38 nm. However, experimental obsemnatbased on
measurements made as part of this thesis, andsdedtun latter sections indicate,
that a chain at its maximally compact state in domas of high temperature without
chemical denaturants would have a segment lebgthof 0.33 nm. This segment
length has been used for evaluation of energet@npeters for all proteins under all
conditions discussed in further sections and chap#fg the very least, this number
sets a compaction lower bound for all unfolded erides, and an upper bound on
extracted energetic parameters, since it underassrthe actud,, that a protein
can possibly access in any experimental condittomaximal possible compaction.
This is not a serious limitation, except for thectfahat typically smFRET
measurements on the unfolded ensemble are diffiouttiscern at low denaturant
concentrations because the unfolded ensemble isni@epulation, and also because

its peak is merged with that of the folded ensemableigh FRET. Additionally, using
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the same minimum segment-length for calculatingp@yhinteraction energies for all
proteins renders uniformity to the analysis of eliént sets of data on proteins with

varying sequence lengths and sizes.

3.5.3 Effect of the Exchange Energetic Parameters on Chain Size

This section contains a series of nucaéicalculations with varying exchange
energetic interaction parametefs, Adepc and deps, and elucidates their effect on
chain size and the average FRET read-out expecved FRET experiments. To
recapitulate, these exchange interaction termsrrdete the energy changes
accompanying an exchange reaction, such as theilrstsated in Figure 3.4. Since
cosolvent-solvent interactions lead to deviatior@nf ideality and Raoult’'s laws,
physico-chemical data on non-ideal properties @séhsolutions such as activity
coefficients’, can directly give us a handle on the cosolvehtesn interaction
parameteriecs. The chemical potential of a non-ideal solutios hacontribution from

the activity coefficient as follows:

p=py+RT.In(yy) (3.23)

where,u is the chemical potential of the solvent or cosaty andy is the activity
coefficient of the solvent or cosolvent, with bdiking on the concentration scale of
volume fractiony. y is unity for ideal solutions. The Flory-Hugginstry allows us

to directly extract this parameter from activityefficient data as follows:
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ZAg,
7solvent:exp[ RT Wz} (324)

ZAe,
7 cosolvent™ eXp|: RT 14 (l// - 2)j| (325)

where R is the Universal Gas Constank, the temperature, an¢gg¢g a pertinent
concentration measure of the cosolvent, in thie,cds volume fraction. Detailed
activity coefficient data are available for bottearand GdmCI solutions in watér
and the activity coefficients of water on thmle fraction scalare plotted below in

Figure 3.5 A for varying GdmCI and urea concentragi
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Figure 3.5 The activity coefficients of water in GdmCI and arsolutions and
correspondinglecs at 298.16 K. Circles indicate experimental datd ames in A
are to guide the eye and in B are fits. A) Actiwtyefficient of water in solutions
with GdmCI and urea, on the mole fraction scaleCB)culatedde.s, based on the
Flory-Huggins theory of solution thermodynamics lggb to the activity
coefficient data. Circles indicate a direct caltiola and lines are fits, both with
mole fraction as the concentration unit. Blue ligsea linear fit to the high
concentration range of GdmCI, and red line is alcate fit.

The calculated energies are plottedigufeé 3.5 B. It must be noted, that in
case of GdmCI, since the solute is ionic and spiits two species upon dissolution,
the mole-fraction of the cosolvent in Equations43.2nd 3.25 would have a

multiplication factor of 2, since experimental mdlaction data on GdmCI only

63



quotes the mole fraction of a single ionic spedieshe activity coefficient of the
solute has the opposite trend, and decreases witteasing concentration. The
limitation of such a calculation using Equation43.1%5 thatdecs tends to infinity, at
low solute concentrations and is indeterminatenfibite dilution. There is a larger
degree of variability inMecs extracted from the solute activity coefficient alasy
tends to O, and therefore, only solvent activitgftioients are used to extract this
parameter. Further, as can be seen in the valu¢s @t low cosolvent concentration
for GAmCI, in Figure 3.5 B, it is possible that tharameter tends to really large
numbers, possibly because of the inaccuracy inutiilezing polynomial fits to
determine activity coefficients at concentratiolsse to 0 M. Thus, a quadratic fit of
the 4¢.s data-set, for all urea concentrations from 1 M ards and a linear fit for the
high-concentration range of the GdmCI data-sethéd mole fractions, extrapolated
to 0 M [Cosolvent], yields the valuet.s = 1108.2 J.mal.site® for GAMCI anddecs

= 762.22 J.mdl.site* for urea at 298.16 K at infinite dilution. Thesesolvent-
solvent exchange interaction energies will changi vemperature as do activity
coefficients. These two numbers set the curvatareafl GdmCI and urea-based
expansion and compaction experiments, when analgyetie 3-component energy
equation. These cosolvent-solvent interaction eesr@re positive indicating a
positive enthalpy of dissolution, positive deviatofrom ideality, and the fact that in
agqueous solution of these cosolvents, like intevast are preferred over unlike
interactions between the solvent and cosolvents Tthe overall energetic interaction

parameterde for a residue would always have positive curvatwith increasing
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concentrations of these two cosolvents, and theistinves ofAe vs y would always
be convex parabolas.

Calculations are then performed with #imvee.s for urea, and varying
values ofdeps and ey The latter two range between -1600 and 200 J:id] and
the first set of calculations demonstrate the éfteat varying energies have on a

chain with 50 residues. Figure 3.6 plats for various values offeps and Aep.

Energies were calculated

Solute Volume Fractiony Solute Volume Fractiony
0.0 0.2 0.4 40.0 0.2 0.4
_ ' AE =206.58 Jmofsite” A A A A
"o oF B 222 a a aa _
7 8 £ 3
S S
£ -
2 -1000 x 2
< L A R,=0.93 nm
_2000 Il N N 1 N 1 N 1 N 1 N 1
0 2 4 6 8 0 2 4 6 8
[Cosolvent] (M) [Cosolvent] (M)

Figure 3.€ The effect of exchange energetic interactionstmin size. A) Circles
indicate energies and lines are to guide the egel. &d green symbols indicate
Aeps equal to -1600 J.mdlsite’ and 200 J.molsite’, respectively. Triangles
indicatedep=Aeps, red squaregep. = 200 Jmofsite’ and green squaretg,c = -
1600 J.mol.site’. Blue circles are energies with intermediatgs and Jepc,
compared to the red and green symbols. Brown hidecates thed-condition at
298.16 K. B) Radius of gyration of a 50-residueichaith a bmi, of 0.33 nm at
298.16 K. Same symbol and colour scheme as

using the volume fraction ands.s of urea as the cosolvent, but qualitatively the
results would be the same if those for GdAmCI wesedunstead. These energies were

then used as inputs into Equation 3.21, to caleulaé average FRET efficiency
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expected for a chain with 50 residues, through Eome3.26, with the probability
distribution defined as in Equation 3.16, with greent lengtrbo of 0.33 nm at 298.16
K and aRp of 5.4 nm. The FRET efficiencies were then fiElguation 3.26, however
with probability distributions coming from Equati@al, a Gaussian, yielding various
segment lengthd over different conditionsRy; was then determined through
Equation 3.3. ThougRy could have been obtained directly from Equatidi63this
indirect procedure was employed since it represdhts typical scenario in
experimental conditions where average FRET effues andRy would be the
experimentally known parameters, af®} for bulk or single-molecule FRET
experiments is typically taken to be the root-me@nared average radius of gyration
for a Gaussian chain, as defined in Equation 3dhditting FRET efficiencies to the

transcendental Equation 3.26.

[P(r). fg ~dr
_ R +r
(E) oL (3.26)

Figure 3.6 A shows energies calculatedviarious scenarios. The triangles
indicate two extreme scenarios, where the inteyastiof the cosolvent and solvent
with the polymer residue are equal and exactlyrizadaut. The red triangles indicate
a scenario where the solvent is ‘good’ withgs of -1600 J.mot.site’, and likewise
for 4epc. The green triangles indicate the opposite scenenere the solvent is ‘poor’
with Aeps of 200 J.mof.site* and likewise fordeye. In these two sets of conditions
where the polymer residue’s preference for solwntosolvent exactly match, the
cosolvent-induced expansion is entirely drivenday, as is obvious from Equation

3.21. The corresponding plots in Figure 3.6 B d¢fesinow marginal chain expansion.
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Thus, these two sets of calculations show that ddepr can expand because of
indirect solution effects, even when there is nt dwving force on the chain to
expand because of interactions with the solverthercosolvent. This is so because,
as a solution becomes less poor, the chain camdxXpecause the free energy change
involved in exposing the chain to the solutionasér and more favourable. This is
clear manifestation of the hydrophobic effect, aah be assessed in quantitative
terms through the 3-component energetic interacéqoation. The expansion is
driven by the term—y(l-w).4e.s, and for solutes with positive deviations from
ideality, the chain expands. It is easy to seeithatsimilar scenario with a cosolvent
with negative deviations from ideality, we wouldesghain compaction. Kosmotropic
salts such as NaCl and LiCl have negative enthalpiesolvation, and their presence
in the solution would result in chain compactiomtpin stabilization and structure
formatiorf>®*®! Thus, the effect of chaotropic or kosmotropic abesnts on the
solvent and on proteins, the effects of electralytethe Hofmeister series on protein
stability, and the hydrophobic effect can all belained based on the 3-component
energetic interaction model, and more so, in gtetnte terms. Qualitatively, this
critical result can be explained as follows. Coealg such as a urea and GdmClI
prefer like-interactions over interactions with et There is a lower energetic
penalty for chain expansion in such conditionsgesiper site, in the hydration shell of
the protein, several of the pre-existing water-wémgdrogen bonds will have been
broken because of the presence of cosolvents. fidialpility of finding a cosolvent
in the vicinity of the protein in such conditiorssproportional to its volume fraction,

and thus with increasing cosolvent concentratiohairc expansion proceeds
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favourably. Any direct interaction of the cosolvemth the protein backbone or its
residues is always an additional factor over thier-@resent indirect, solution-driven
expansion. Several studies on the role of urea @dthCl in inducing protein
unfolding implicate the loss of structure on a dirmteraction of the cosolvent with
the protein backbone, through hydrogen bondingeaedtrostatics **#* While it is
possible that for several proteins the dominardgatffor protein unfolding is a strong
preference of the protein backbone to the cosolvene cannot rule out the
possibility that depending on the net relative loythobic-hydrophilic properties of
protein sequences, the preference of the protaikblome for cosolvent may exactly
match that for the solvent.

The green squares in Figure 3.6 werdymed usingleps equal to 200 J.mol
Lsite" and4e,: equal to -1600 J.molsite™. In these conditions, the protein residue
clearly favours the cosolvent leading to a largpaesion in chain size. The red
squares present the opposite scenario, whegeis -1600 J.met.site’, a good
solvent to start off with, andey is 200 J.mol.site™. In these conditions, with a
preference of the protein for the solvent over basd, as the volume fraction of the
latter increases, the chain experiences a compadikperimentally this last scenario
would be difficult to observe, since even highlydhyphilic chains, which interact
relatively better with water than do hydrophobicaicts, would have favourable
interactions with cosolvents such as urea and Gdm@ktluding the possibility of
observing chain compaction. The effect of cosolsem proteins is further
complicated by the existence of long range effsath as Debye-Huckel electrostatic

screening of electrostatic interactions presenvéet residues on the chain.
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The blue circles indicate an intermesligtenario, where the protein has
moderately favourable interactions with the solyene to aleys of -200 J.mof .site*

andep equal to -1600 J.mdlsite’. The result is chain expansion.

3.5.4 Effect of Chain Length on Extracted Energetic Parameters

So far, we have seen the basic features of thergtima@-component energy
equation in Section 3.5.1, the limitations involved applying this equation to
determine the average size of an ensemble by ingokiquation 3.21 in Section
3.5.2, and heuristic calculations that pointed he effect that these pair-wise
exchange energetic interactions have on chainisi&ection 3.5.3. However, for a
given expansion in terms of segment lengtivhat effect doeshain lengthN, or the
number of residues in the chain, have on the exgghanergetic interactions needed
to produce that expansion? Ideally, for two chainih identical solvent and solute
interaction properties, if segment length remalresgame, then the variation in their
radii of gyration is purely a function of chain tgh N. Their energetic interactions
should necessarily be the same, and therefore, @éhergetic interaction parameters
Ag’s should be the same. The following calculational@ate the net energye
needed to expand a chain through a ‘rangé®’ gilotted below in Figure 3.7, and
show that the extracted energies, in fact, varputog to chain length. This ‘range
of b’ corresponds to the radii of gyration plotted iigd¥e 3.6 B in blue circles for a

50 residue chain.
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Figure 3.7 Chain expansion as a basis set for extraction efnit interaction
energy/e. (Inset) Gaussian distributions for correspondiegment lengths for a
50 residue chai

Chains of different lengths wouldt require different energies for expanding
from the same initial segment length to the sanmal fsegment length for the
hypothetical range of cosolvent concentrationssla®wvn in Figure 3.7. However,
upon inspecting Equations 3.14 or 3.16, it is appiathat different chains with
different lengthdN, would need different energies for the same degfesxpansion
based on the analytical form of the equations. iehlfg this makes sense, since the
longer the chain, the higher its excluded volunmel #ne lower is the energy needed
to expand chains of progressively longer lengths.

Energies corresponding to the segmaenrgtievariation plotted in Figure 3.7,
for chains of different lengths were obtained bg tbllowing procedure: a) expected
FRET efficiencies were calculated for chains ofetént lengths, based on Equations
3.1 and 3.26, for the same set of segment lengthations as plotted in Figure 3.7; b)

these average FRET efficiencies were then pluggedEquation 3.26, however with
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the distribution function from Equation 3.16, togithe expected energies, as plotted
below in Figure 3.8. These energies were fit toghadratic 3-component energetic
interaction equation in Equation 3.21, with the adesnt-solvent interaction

parameterlecs being that for urea.
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Figure 3.& Variability with chain length of the net interawt energy for chain
expansion. Circles in main figure and in the inag¢ energies and lines are
guadratic fits of the energies.

Figure 3.8 plots the energies needed to producexpansion within the range
of segment lengthl as plotted in Figure 3.7, for chains lengths frednresidues to
150 residues. These calculations were performeatsmi, of 0.33 nm assuming a
temperature of 298.16 K and are represented bgittles in Figure 3.8. The lines are
guadratic fits to these energies based on Equath with urea as the cosolvent. It
is important to mention that sinc&s is fixed for a given cosolvent based on its
activity coefficient data, the fits are really odigear fits with4eyc and4e,s being the
adjustable parameters. Despite this unexpectedt rekthe interaction energye

being different for chains of different lengths, eortan make the following
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observations. Longer chains need lower energiesxfrand to the same segment
lengthb, when compared to shorter chains. There is a ldeggee of variability in
the energies needed to expand chains of diffemgths, and the longer the chain,
the lower is the net increment in interaction eggugr unit increase in the volume
fraction of the cosolvent. Also, the longer the inhdahe higher is the interaction
energy at 0 M cosolventi{,). The latter result can be explained as folloswb
chains of different lengths are to have the sangensat lengthb, then the solvent
seems to bgoorer’ for the longer chain, because of its leigaxcluded volume. This
effect is manifested in highefs,s, indicating lower favourability of the solvent for
the polymer. This result can serve as a calibratrderion described later. Figure 3.9
plots the energies at the minimum and maximunm Figure 3.7. These energies
show the trademark behaviour, i.e., lower energiesded to expand chains with

increasing chain lengths.

-400

-800

AE (Imolsite?)
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Sequence Length

Figure 3.€ Interaction energyde for different chain lengths, needed for
expansions as plotted in Figure 3.7. Blue symboticate 0 M urea and red
symbols indicate maximal expansion at 8 M ureaesiare to guide the eye.
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Evidently, another illustrative calcutat would be to evaluate the amount of
energy needed to expand chains of different leng#tsveen the same ranges of
segment lengthb, however this time, with the minimum and maximbia being
extreme values. In keeping with our definition jfi, to be 0.33 nm for the most
compact chains, we can also define an upper baamsefyment lengthyaxto be 1.3
nm, based on experimental observations, describefbrthcoming chapters. The
utility of such a calculation would be to evaluateergies needed to expand chains to
a maximal segment lengthn., and also to illustrate that the above observation

persist even for a different setlw$.
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_200F b, =13nm
'O
= Sequence Length
£ -600 - ——
o - 4 J
S 6
S -1000 [ 17
i 41 1
< I 1
-1400 2 ’,_.._0—0—4'—" |
-1800 50 70 90 110 130 15:1

50 70 90 110 130 15C

Sequence Length

Figure 3.1C Interaction energye for different chain lengths, needed for
expansion between the same range of segment lenmgtiSircles indicate
calculated energies. Lines to guide the eye. Bloe Indicates energy &-
condition. (Inset) Corresponding radii of gyratitor b, andbnax Lines are to
guide the eye
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For the samd,in, andbnax of 0.33 nm and 1.3 nm respectively, the required
interaction energies are plotted versus sequenugthlen Figure 3.10. Sincbmin
represents thé-condition, where the excluded volume effect artdraction energies
cancel out to make the chain a random-walk ch&i@,chain size now is purely a
function of chain length, as can be seen in the Islymbols in the inset of Figure
3.10. The red symbols in the inset also show arease in chain size with chain
length, for the same segment lengtbf 1.3 nm. Ideally this should also be a purely
chain length effect, however the interaction erexgn Figure 3.10 reflect similar
observations as made earlier. The blue line imta@ figure indicates é-condition
energy ofRT/2zwhich is 206.58 J.mdlsite*. How can we explain this observation
where different energies are obtained for the spmgsical process? And can we
correct for it, so that energetic interaction pasters reflect the true physical
process?

To answer the first question, if we wéoedifferentiate Equation 3.16 with
respect tar, and equate the derivative to zero, to deterntieeeind-to-end distance
where the distribution has its maximum, we get ftiwing result and notice the

dependence of the exchange fagton chain lengtiN:

oP(r) (0°-bY)
If po =0, then( + 2%): NE (3.27)

In simple terms, the longer the chair thigher thenumber of likely

interactions of the cosolvent with the chain (swksN?) and the lower the extracted
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energies we get from the fitting procedure. Thiglaxs the dependence of

interaction energiede on chain length.

3.5.5 Exchange Constants of Cosolvent/Solvent Interaction with the Residue

To further inspect the quadratic 3-comg@ equation, and its constituent

coefficients, consider two equilibria as describe#&igure 3.4.

%[p.p+ss}f P )2

%[p.p+ cdf pc 9)2

Equations 3.28 and 3.29 would have free energygdsaas in Equation 3.11:

AGpS:AgpS:%(g pp+gss)—g o (3.30)
AGpC:Ang:%(gpangcc)—g o (3.31)

Upon subtracting Equation 3.28 from Equation 328 get:
%c.c+ p.sf % SS p (3.32)
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Likewise, subtraction of Equation 3.30 from Equati@.31 yields the energy
difference fep—A4eps), Which is the free energy for the site exchangaction in
Equation 3.32. This is the classical Schellman-etehange process where a single
cosolvent moiety replaces a single solvent moietyaesidue sité One could thus

define an exchange constant here in the spiricbeiman’s site exchange constant:

Kk _Lpd_ exp{_(Ag"c _ Agps)} (3.33)

exchange™ [pg

Note that solvent or cosolvent concentrations doappear in Equation 3.33; thus the
exchange constant would simply be a ratio of theupation probability of the
cosolvent over the solvent at the site of a givesidue. In other word¥exchange
indicates the relative preference of the residuete cosolvent moiety over that for

the solvent moiety.
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Figure 3.11 Site exchange constants or preference of a resaiucosolvent over
that for the solvent. Blue circles represéQichangefor different chain lengths.
Black line is to guide the eye. Red line represemigy or equal preference of
residue for cosolvent and solvent.

Figure 3.11 plots the site exchange ®@omsKeychange @S Obtained from
guadratic fits to the interaction energies ploite@Figure 3.8, followed by evaluation
of exchange constants, based on Equation 3.33.gala aee the trademark sequence
length dependence as was observed for

To recapitulate the series of calculadin Section 3.5.4, interaction energies
were evaluated for expansion between the same @ngggment lengths for chains
of different lengths. The basis set was taken ta be,s of -200 J.mdl.site’, and a
Agpc of -1600 J.mot.site™. The difference between the two energies exactliches
the energy difference expected for the 50 residhagnci.e., -1400 J.mdlsite® or an
exchange constant of 1.76, since the segment lengid to perform this calculation
were based on that for the 50 residue chain. Thexethe variation ifKexchangeS€EN

in Figure 3.11 is again an effect of the lengthtleg chain on extracted energetic
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parameters. However, there is no reason for exeeoegfficients to be dependent on
chain length. Thus, the chain length effect onratBon energies and exchange
coefficients is an effect that needs to be takém account before further meaningful
inferences are made about a chain’s preferencenferactions with cosolvent or

solvent.

To summarize, the quadratic 3-comporgr@rgetic interaction equation and
the resultant exchange coefficients can quantigy éffect that cosolvents have on
simple polymeric chains. Expansion and compactrenaadirect result of the balance
between three different interaction energi¢ss, Aep,c and4eps Chain expansion and
compaction can be driven solely by the interactiohthe solvent and cosolvent, and
any direct interaction of the cosolvent with theidele is an additional effect over this
solution-driven phenomenon. Furthermore, due to tien-ideality and high
concentration regimes of chemical denaturant smistiand mixed cosolvents
typically utilized in protein folding studies, nanking theory is invoked in this
analysis. Instead interaction preferences in thenfof exchange coefficients are
arrived at based on a first principle evaluationaofesidue’s interaction with its
environment. Although parameters sulehandKexchangeds €xtracted from FRET data
would have a dependence on sequence length, thisecaorrected for, to reflect the
true physical process where site-wise interactietwben residue, cosolvent and

solvent drive expansion and compaction.
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3.6  Application of the Quadratic 3-Component Energy Equation to the
Analysis of Data from Single Molecule FRET (smFRET) Experiments

3.6.1 Protein Unfolding Studied by smFRET

High resolution techniques such as faectroscopy” and single molecule
fluorescence spectroscopy on freely diffusing anthobilized single molecul&s™®*
193 have enabled a high resolution study of proteidifig and unfolding reactions
compared to experiments in bulk. Such experimeat® Hacilitated the prospect of
studying folding trajectories at resolutions whighre hitherto confined to atomistic
simulations®, and have eliminated the need to synchronize mdeceactions and
to work around the problem of signals emanatingnfr@ mixed ensemble in bulk
experiments. SmMFRET experiments in particular deally suited to the study of
protein folding, with the observable reaction cooate being FRET efficiency, and
the size or end-to-end distance of a protein cflaiSuch experiments trace their
origin back to seminal studies on fluorescence fsimgle moleculé§®**” and found
applications in the study of FRET between extrialbyclabeled ends of proteins in
conditions of varying native stability such as cleahdenaturant concentratidfis
SMFRET experiments can also unequivocally demdestine simultaneous existence
of different sets of molecular ensembles underrgeguilibrium conditions, as seen
by the existence of FRET-separated populationd) tné higher FRET population
being the folded state and the lower FRET popuiabieing the unfolded ensemtile
Thus, smFRET allows us to slice the observatioanoéquilibrium population into its
minimum number of representative components or rehks. Upon changing

thermodynamic conditions such as GdmCIl or urea eaination, the relative
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populations of the folded and unfolded peaks chatige is indeed the expected
observation for a classical two-state proteif>'%® SmFRET, thus serves as a critical
assessment of a central assumption in the anabfsiseveral protein folding
experiments- the two-state model. Accurate estisnated=RET efficiencies depends
critically on the careful determination of donordaacceptor quantum yields, the
Forster radius, determination of and correctionifistrumental detector efficiencies,
corrections for erroneous leakage of signals itterrzate channels, control of laser
excitation power to minimize photo-bleaching anglét formation, and optimization
of signal-to-noise. Another observation that tleishinique allows is the determination
of chain dynamics in the unfolded stiteThe observation of most relevance to this
work is that of the unfolded ensemble in coexistewtth the native state, all the way
down to conditions close to those for maximal diigbof the native state, i.e., low
denaturant concentrations of 1-3 M. An immediatesfjon arises of whether the
unfolded ensemble itself responds to chemical deaats by changes in the average
size of the ensemble. So far sSmFRET experimentewaral proteins indicate that in
addition to a decrease in the relative populatidnthe folded ensemble with
increasing denaturant, there is an accompanyingarexpn of the unfolded
ensemb|& 1031051101115 qjitatively, these results point to the favdnleainteraction
of chemical denaturants with the unfolded chainictvldrives the unfolding reaction
and the expansion of the unfolded state as*%&I["819%1%t has therefore been
possible to perform a detailed analysis on the esipa and compaction (or collapse)
of the unfolded ensemble of proteins studied by REF, by monitoring changes in

the FRET efficiencies of the unfolded ensemblE?*!’ FRET efficiency

80



information from such experiments, on a diverseo$giroteins with a range of sizes
and lengths, when analyzed with the 3-componentmiia energetic interaction

model, would allow the determination of the depemaeof the degree of collapse on
chain length, a purely polymeric property. Furtter,proteins with the same lengths,
the differences in the degrees of chain expansmhcampaction, may point to the
dependence of these properties on sequence. Fisaltyh an analysis would shed
light on the mechanism of action of denaturantscesithe 3-component quadratic
equation allows us to dissect the expansion angeaotion of the unfolded ensemble
into contributions from cosolvent-solvent, polynsalvent and polymer-cosolvent

interactions.

3.6.2 Expansion and Collapse of the Unfolded Ensemble

SmMFRET data is available on the follayvproteins, as of the present time,
and have been used here for an analysis by thenparwent energy equation: In each
reference, the first moments of the FRET efficierodf the unfolded ensemble for
each protein were typically plotted against thecemtration of the corresponding
denaturant used in the study. Experiments wereajlyi performed at 25C, unless
otherwise mentioned. FRET data-sets were digitizech each reference using the
Digitizelt software (Digitzelt, Kéln, Germany). FREdata were first analyzed by a
simplistic Gaussian chain model as in Equationghd radii of gyrationRy) were
determined from Equation 3.3, based on the assighmieall changes in FRET
efficiency and size to the varying segment lerigtla reasonable assumption for the

purposes oRy calculation, based on Equation 3.26. The morevgsrerrors in such
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an analysis can of course, arise from inadequaeburate determinations of the
Forster radii Ry), and whether this property of the FRET pair clesngith chemical
concentration due to changes in the absorptiontigmec molar absorptivities of
either dye, or changes in their quantum yieldshwlanging conditions. In most of
the cases below, a stand&glwas used for all cosolvent or chemical concerunati
when no changes in dye quantum vyields or lifetinvese observed. Furthermorge,
correction is necessary to account for differennedetector efficiencies for the two
dyes and is thus important for accurate deterntnaif FRET Efficiencie®?

Table 3.2 Properties of proteins studied by SmFRET. Dye-pairaain text.

Protein N | Ro(nm) | meq(kd.mol™.M™) | Cn(M)
ClI2 54 6.2 7.49 3.92°
ACBP 61 6.2 11.36° 2.36%
Protein L 65 5.4 7.95° 2.60°
CspTm 67 5.4 7.9¢ 2.0
RNase H 154 7.1 21'% 1.81%
Im9 (Urea) 85 5.4 4.7¢f
Staph. Nuclease| 71 5.13 6-83
Staph. Nuclease| 98 5.13 6-83
Barstar (GdmCI) 79 54 7.70 1.24
Barstar (Urea) 79 5.4 5.3 3.87#
SH3 (GdmCl) 69 5.4 7.31 1.90
SH3 (Urea) 69 5.4 2.566 5.43
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1) Chymotrypsin Inhibitor 2 (CI2) and Acetyl-Coemag A Binding Protein

(ACBPY**

Cl2 is a serine protease inhibitor @& gotato inhibitor | family, is found in the
albumin of seeds from thidiproly strain of barley, and has been shown to be a two-
state folder by equilibrium and kinetics experin®®htACBP is a single-chain-
helical protein found in the bovine liver, and likd2 has no disulphide bonds,
prosthetic groups, metal ions or cofactors, ana t&o-state protein, as indicated by
cooperative folding®. SMFRET measurements were performed on freelysiliff)
molecules by nanosecond alternating laser exaitagfawo extrinsically chemically
attached dyes, Alexa Fluor 532 and Alexa Fluor &&7 donor and acceptor,
respectively, in the study by Weiss and coworkér8eing two-state folders, two
separate ensembles coexisting at equilibrium aserebd by smFRET, as is the
denaturant dependent expansion of the unfoldech@eeThe ‘sequence length’ that
should be plugged into Equations 3.1, 3.3 and Xibesponds to the number of
bonds linking the amino acid residues in the pro(®amino-acid residussl) plus two
bonds for the linkers of the dyes connecting thenthe protein backbone by the
terminal residues. In cases where chemical labeliag performed at non-terminal
sites, segment lengths were calculated with theveabole, andRy were calculated
based on the number of linkers in the full lengtbt@in. The tabulated value bfin
Table 3.2 is the figure which is used to calculBge The digitized data from the
reference by Laurence and coworkétsis plotted here in Figure 3.12 A.
Corresponding end-to-end distances &jdvere calculated based on the Gaussian

chain assumption. CI2 and ACBP have linker lengths4 and 61, respectively, and
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ACBP is slightly larger in size than CI2. This éifénce in size has to do with
sequence length. Furthermore, as can be seen figumeR3.12 B, ACBP seems a lot
more sensitive to GdmCI, than CI2, from the Gdm&iaentration needed for similar
degrees of expansion in termsRyf This can also be inferred from their denaturation

midpoints which are 2.36 M and 3.92 M GdmCI for ACBnd CI2, respectively.
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Figure 3.12 FRET efficiency andRy of the unfolded ensembles of CI2 and
ACBP. A) SmFRET efficiencies measured by nanosecatidrnating laser
excitation with Alexa Fluor 532 and Alexa Fluor 643 the donor and acceptor
dyes respectively. By calculated by the Gaussian chain approximation.

0.6 A Protein L [ Protein L A
[ CSP [ CSP A
[ = 3.0F
205 _—Ax.. E 0 ok
Y; [ _ [ HA
0.4F °h N o I A..
r 25F
A A ¥y B
0.3 TR R T Y S Y NN N S N S— Pl I NN N TR NN N
1 2 3 4 5 6 7 1 2 3 4 5 6 7
[GdmCI] (M) [GAMC]] (M)

Figure 3.1% FRET efficiency andry of the unfolded ensembles of Protein L and
CSP. A) SmFRET efficiencies measured by intengity Bfetime measurements
on freely diffusing molecules with Alexa Fluor 488d Alexa Fluor 594 as the
donor and acceptor dyes respectively. B3) calculated by the Gaussian chain
approximation.

84



2) Protein L and Cold Shock Protein (CSP) fréhermatoga maritima™

The Bl IgG binding domain of the pepteigtococcal protein L, or simply
protein L, is a 62 residue 1gG bindingp3 protein, which had been modified for the
SmFRET study, by the addition of cysteines and r@iteal residues™'%* bringing
the length to 65. The cold shock protein from thermophileThermatoga maritia
is ap protein, with a length of 67. Both proteins haweib extensively studied in
equilibriunt®91241%%5nd are known to be two-state folding proteinsngesimilar
in length, both proteins exhibit FRET Efficienciaessimilar ranges with Alexa Fluor
488 and Alexa Fluor 594 as the donor and acceptes,despectively, in Figure 3.13
A, based on both lifetime and intensity measurementfreely diffusing molecules,
as opposed to simply intensity measurements omipratby Sherman and Hargh
In the protein L data-set, we observe a rolloveRjmat low GdmCI concentration
where the chain is seen to ‘collapse marginallywidver, at the concentration where
this is observed, i.e. 2-3 M GdmCI, the Debye-Hlickearge-screening effect will
have saturated. Hence, this effect is most probadbause of the low population of
the unfolded ensemble in those given conditionskimgait difficult to accurately
estimate mean FRET efficiencies. This point is dfical importance, since in
conditions of native protein stability, at low chieal concentration, depending on the
threshold of counts in the single molecule histoggathe unfolded ensemble might
be difficult to resolve. Both proteins experienceexpansion with increasing GdmcCl
concentration well up to the highest concentratemge of 7 M. These observations
are in contrast with those made by Plaet@l*?®, where time-resolved small angle

X-ray scattering measurements on protein L yieldebi of gyration which matched
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well with theRy measured by smFRET at 4 M GdmCl, but not at adomcentration

of 1.2 M, where scattering data indicated a sinlgas that at 4 M GdmCl, i.e., ~ 2.6
nm. The source for this conflicting result was puted to lie in the high protein

concentrations used in time-resolved X-ray scateexperiments, which could skew
the measureRy at low GdmCI, to higher valugs. Also, theR; of the two proteins as

plotted in Figure 3.13 B, are similar at high Gdmgincentrations above 3 M.
However, at lower concentrations, protein L seembd more collapsed than CSP,
and this difference could be attributed to theiifedent hyrophobicity indices, as
protein L is slightly more hydrophobic than CSP.isTHifference could also arise
because of the presence of transient structur@anuhfolded ensemble of protein
whereas no such residual unfolded state struetaefound in the case of

129-130
L ,

CSP31%2 Either way, these results were posited to be istame with the

demonstration by Kohret al™

, that at high denaturant concentrations unfolded
polypeptide chains behave like random homopolymers.

3) Ribonuclease H1 (RNase'ff)

The 155 residue protein RNase H fiescherichia colis ana/p protein, and
refolds by the population of a transient intermeslthat is observed as a ‘burst-phase
intermediaté”™*? In the smFRET unfolding study by Kuzmenkietal, surface-
immobilized RNase H molecules, labeled with AlexadF 546 and Alexa Fluor 647
through maleimide chemistry, were observed by amalfmicroscopy, while solution
conditions were changedd sitt™®® The labels were attached on residue 3 and 135;
therefore, end-to-end distance information was mtepdor an effective length of 134

linkers. In the study by Kuzmenkinat al. two well-separated populations were
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observed, with the trademark GdmCI-dependent expams the unfolded ensemble.
The study further posits that the unfolded ensenhigimg sensitive to denaturant
stress, populates a ‘continuum of substates’, v@thmCl stabilizing expanded
conformations at high concentrations. This unfolée$emble could, in principle,
coexist with the native state at low denaturantceotrations and would be compact
in size. Direct observation of this compact deredustate was precluded by the
absence of a well defined FRET histogram becaudevfsignat®® The smFRET
efficiencies in Figure 3.14 A in blue circles werenverted toRy based on the
Gaussian chain assumption with the number of seguinkers being 154 residues

for the full length protein with 155 residues.
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Figure 3.14 FRET Efficiency andR, of the unfolded ensemble of RNase and Im9.
A) SmFRET efficiencies. By calculated by the Gaussian chain approximation
for 155 residue chain for RNase H and 86 residaenctor Im9.

4) E colicin binding immunity protein Inié

Im9 is an 86-residue 4-helical proteiniatr folds by the two-state mechanism
at neutral pH. In the smFRET study by Tezuka-Kawaket al a freely-diffusing 6

His-tagged version of the protein was used. Thes ddMexa Fluor 488 and Alexa
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Fluor 594 were introduced at a S81C mutation sitel, at a naturally occurring C23.
Thus the effective length for Gaussian analysifis case is 60 linkers. The value of
(Namino-acic1) for calculating theRy is 85. Unfolding was initiated by urea and
performed at 10C. The choice of denaturant and temperature wa® neadompare
smFRET unfolding data to those at equilibridin

5) Staphylococcal Nuclease (Staph. Nucléade$taphylococcal nuclease is a 149

residue protein with a N-terminal five-strandgtarrel subdomain, and a C-terminal
3 a-helical a subdomain. There is an ongoing debate regardirgy fahding
mechanism of this protein, as to whether it folds & two-state mechanism or a
three-state mechanism with a collapsed intermedrateetween the unfolded and
native state§*'*® SmFRET experiments were performed on two varjamtere the
dyes Alexa Fluor 555 and Alexa Fluor 647, were @thon residues with the N-
terminal B domain at positions K28C and K97C, and anothewéet the two
domains at positions K28C and H124C. The smFREiCieficies of the variable
unfolded ensemble were converted to segment lerigtims this case to allow a
comparison of the degrees of collapse within fheomain and between domains,
corrected for the difference in the number of reeglseparating them, in Figures 3.15

A and B.
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Figure 3.1t A) SmFRET Efficiencies of unfolded Staph. Nuckeasrsions. Bp,
the effective segment length.

The smFRET efficiencies and segment tlengn Figure 3.15 A and B
respectively, argue against the presence of a lematdrant compact intermediate.
This follows from the fact that no intermediate @ps was observed at low GdmClI
concentrations, with the caveat that if low in plagion, this species would be hard to
detect by smFRET. Furthermore, segment lengthsy) gporection for chain length
dependence show very similar response of the segset® chemical denaturant,
indicating uniform domain collapse and expansiaecjuding the possibility of any
domain-specific collapse within tiedomain. The3 domain does happen to be less
expanded at 4 M GdmCI than as indicated by thedoteain segment lengths for the
longer Staph. Nuclease variant. However, at sugh kbncentrations of chemical,
proteins are expected to behave like random cdérhmpolymers, despite claims
being made about Staph. Nuclease possessing edajriifilong-range residual
structure even at 8 M urfaThus, based on the SmFRET data, fhgomain may
have some intra-domain residual structure withvealike topology that is manifested

as a lower segment length at 4 M GdmClI.
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6) Barstat** Barstar is a 90 amino acid inhibitor of barnasejbonuclease from
Bacillus amyloliquefaciensCysteine residues were introduced at positionari289
to facilitate labeling with the fluorophores Alek&uor 488 and Alexa Fluor 594. The
Barstar variant used here is known as the pseulitbtyype or pWT. Results from
SMFRET measurements with urea and GdmCI, indid¢ete low concentrations of
GdmCl induce chain collapse because of the elgatrosnteraction of guanidinium
ions with negative charges on the protein at pH 3i&ce Barstar has 16 acidic and
10 basic residues. Debye-Hickel charge-screenirtheoklectrostatic repulsions on
the chain, can also induce chain collapse at lomcistrengths of GdmCI. An
extrapolation of the unfolded ensemBl¢s measured by GdmCI or urea denaturation
do not have the same values at 0 M chemical, itidg#he possibility that screening
and modulation of electrostatics on the chain caduce different secondary

structures in the presence of different denatutéhts
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Figure 3.1¢ SmFRET Efficiencies anBy of the unfolded population of Barstar,
induced by GdmCl and urea, based on measurementfeely diffusing
molecules
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7)_SRC Homology 3 Domain (SH3; Experiments perfatnrethe Mufioz group by

Dr. Jian Wei Liu and Dr. Luis Alberto Campos-Prijetdhe SH3 domain is g-barrel

protein with 5B-strands packed to form to antiparalletheets. The variant studied
here is 70 amino acids in length with Alexa FluBB4nd Alexa Fluor 594, the donor

and acceptor dyes, respectively, labeled at positie3 and C70.
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Figure 3.17 SmFRET andR, of the unfolded ensemble of SH3.

Among all the proteins analyzed abovesimFRET, several of them such as
CI2, ACBP, Protein L, CSP and SH3 are highly saresiio GAmCI and expand well
into the high concentration ranges of 5-6 M Gdnf@solvent-driven expansion in
proteins such as Barstar and RNase H though, se¢aper off at concentrations of
~5 M, though they are two among four of the longesteins in these studies (with
Im9 and Staph. Nuclease-Long being the other tWhus, other than a simple
saturation of binding sites which can be expecteth wncreasing GdmCl
concentrations’, sequence and protein-specific effects are alserebd which need
to be investigated in further detail here. Thedects are even more pronounced at

low chemical concentrations. Protein L and CSP dgewry similar in length, have
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similar Ry at high GdmCI concentrations but are markedly edéht at low

concentrations, where Protein L seems to be molapsed. The properties of
unfolded Barstar are particularly interesting sjneath two different chemical

denaturants its collapse-expansion behaviour in ltheconcentration regime is
completely different. Being a protein with a langember of charged amino acids, it
is sensitive to the electrolytic cosolvent GdmQChdain its presence, Barstar's
enhanced degree of collapse in comparison to umed, suggest the formation of
structures which are specific to the property of thixed solvent involved. The

analysis with the 3-component quadratic equatitiovis in the next section.

3.6.3 Application of the 3-Component Quadratic uation to SmFRET Data

In this section, a detailed analysishef SmMFRET data is performed by fitting
the interaction energies obtained from the proighdistribution in Equation 3.14 to
the 3-component quadratic equation. Such a fitei$opmed by fixing values of the
cosolvent-solvent interaction energly.s for GAmCI| and urea from their activity
coefficient data, and fitting thefe,s and depe. The procedure is therefore the
following:

1) smFRET efficiencies are fit to the transcenderiguation 3.26, with the
probability distribution coming from Equation 3.1vith b being fixed at 0.33 nm,
andRy, coming from experimental determination, to yidldas the fitted parameter.
Since Im9 experiments were performed in urea at1®8RK instead of 298.16 Kiecs
at 283.16 K was calculated assuming a linear degpeedof1s.s on temperature.

2) A¢’s for a given protein are then fit to the 3-comeonnEquation 3.21.
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3) The fitted parameterss,. andeys are then used to recalculate, which is then
plugged back into Equation 3.14, to recalculateefi’ <E> from Equation 3.26 to
assess the fits.

4) In case of the Barstar and SH3 data-gegswere fitted to be the same for both
data-sets, and were also separately allowed ttyfflat, yielding different sets of
results.

5) Exchange factor&exchangeWere calculated based on Equation 3.33 to arrtve a
relative preferences of the residue for the cosudlvaver that for the solvent.
Exchange factors were also calculated to evaluaiengnce of the cosolvent for the

protein residue over 9.
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Figure 3.1¢ Fits to sSmFRET Efficiencies andk by the 3-component quadratic
equation. Circles indicate experimental dat&X) and calculatedic. The lines
indicate fits to4e by the 3-component equation and recalculatéd with the

fitted 4e.
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Figure 3.19 Fits to smFRET Efficiencies andk by the 3-component quadratic
equation. Circles indicate experimental dat&X) and calculatedic. The lines
indicate fits of4e by the 3-component equation and recalculatEd with the
fitted 4e.
The fitting procedure above producesr#®ilts in Table 3.3. Fits for RNasae
H, Staph. Nuclease-Short and Barstar deviate frgper@nmental data. In case of

RNase H, fits deviate towards lower values compaoeBRET efficiencies at low

chemical concentration, and is most evident atldlest two concentrations. This
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could have to do with errors in determination of ttosolvent-solvent interaction

energy4ecs by our procedure, with a resultant curvature thatot high enough to

reproduce the curvature seen in the RNase data.dBviation could arise from the

fact the curvature is dominated by the first twéadaoints and also from the absence

of data-points between 3.5 M and 6 M. Low chemamaicentration deviations could

arise from the fact that it is difficult to discetine unfolded population signal from

that of the folded population at low chemicals, vehthe two peaks are often merged.

Table 3.3 Fits of smFRET Efficiencies to 3-Component Endogequation.

Aéges Aégpc Aégps
Protein N Kexchange,p-cs
@.mol*.Kh | (3.molt.K? | (3.moltK?

Cl2 54 1108.2 -5780.5+x1106 1243.9 = 306 17.0
ACBP 61 110.8.2 -3212.1 £+ 274 98.0 = 60 3.8
Protein L 65 1108.2 -310.1 £ 44 176.0 £ 12 1.2
CSP 67 1108.2 -188.4 + 42 159.1+ 11 1.2
RNase H 154 1108.2 89.8 = 251 204.4 + 48 1.0
Im9 (Urea) 85 1013.7 -929.5 + 22 187.5+24 1.6
Staph. Nuclease 71 1108.2 1849+ 174 143.1 £ 1 0 1.
Staph. Nuclease 98 1108.2 352.0+20 193.0 +(3 0.9
Barstar (GdmCI) 79 1108.2 424.0 £ 3( 25396 0.9
Barstar (Urea) 79 762.2 -143.3£1082 253.9 + 166 21
SH3 (GdmCl) 69 1108.2 -609.3 + 100 62.5 + 28 1.3
SH3 (Urea) 69 762.2 -628.9 £ 135 62.5+43 1.3




The fits to Staph. Nuclease-Short suffer from thee shortcomings as the RNase H
data-set. In general both RNase H and Staph. Nsel8hort FRET efficiencies have
higher curvature with chemical concentration thhat texpected for GdmCI. Fits
could be recalculated by allowing the cosolvent«siot terms for these two data-sets
to float freely.

Barstar on the other hand has poorbftsause both data-sets were fit with a
common polymer-solvent energy at 298.16 K. A polynsaould, in principle,
collapse to the same average ensemble at decreasiogntrations of the cosolvent,
irrespective of which cosolvent is used. Howeuels known that Barstar collapses to
a different extrapolateBy in the presence of urea when compared to Gdmathwh
has been attributed to the possible existence ainslary structure in the unfolded
ensemble in native conditions in the presence oelantrolytic cosolvent such as
GdmCH“ Thus, one could arrive at better fits if the tpalymer-solvent terms for
the two-data sets were allowed to float indepengerfithe results are plotted in
Figure 3.20 and the fitted parameters are listéhinle 3.4.

Table 3.4 Fits of smFRET Efficiencies with freely-floatipgrameters.

ASCS Agpc Agps
Protein N Kexchange,p—cs
@.mol.Kh | (3.mol*.K% | (3.mort.K?
RNase H 154 2755.7 955.2 + 23 294.3+% 0.8
Staph. Nuclease 71 3161.1 1607.8 + 33 176.3 {4 0.6
Barstar (GdmCI) 79 1108.2 358.6 + 24 273.7+% 1.0
Barstar (Urea) 79 762.22 141.7 £ 40 1954 +p 1.0
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Figure 3.2C Fits with independemnte.s for RNase H and Staph. Nucl.-Short, and
independentleps for the Barstar GdmCI and urea data-sets.

The CI2 and ACBP data-sets show padityllsteep sensitivity to chemical, as
seen by the slopes of their FRET efficiencies dmadresultane’s versus chemical
concentration. This can be attributed to the faet FRET efficiencies were ngt
corrected for variations in detector efficiencieghie study by Laurenat al*®® This

explains the high exchange coefficieKigchange p-cNd Kexchange c-pPbtained for CI2
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and ACBP, which physically represent the preferavfche polymer residue for the
cosolvent over that for the solvent® and the preference of cosolvent molecules for
polymer residues over that for solvent moleculespectively. In gener#exchangep-cs

the microscopic equilibrium constant for polymetenactions with cosolvent over
solvent moieties, is greater than unity indicatiagourable interactions between the

polymer and the cosolvent with respect to thosé e solvent.
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v 1.0—o8— v 14r %g o Urea
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Figure 3.21 Exchange coefficients from 3-component fits. A) idae preference

for cosolvent over that for 48. B) Cosolvent preference for residue over that fo

H.0. Red lines in both panels indicate equal relgthederences, i. &e=1.
The same holds fdfexchange,cp@S Well, and the two sets of exchange coefficiargs
plotted above in Figure 3.21. It is to be noted thahis figure, except for RNase H,
and Staph. Nuclease-Short, all data were fit witmmon 4e.s coming from
cosolvent-water activity coefficients, and with @mamond4e,s for the SH3 data-set.
RNase H data is fitted with a freely-floating.s indicating a higher curvature, which
implies stronger relative like-interactions in Gdhv@ter solutions if the data are

taken as is. Freely floatindgs fits for Staph. Nuclease-Short are discarded sihee

standarde.s from activity coefficient data of GdmCIl seems tb the Staph-
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Nuclease-Long data well. This difference couldegress mentioned previously, from
errors in determination of FRET efficiencies at I®@dmCI concentration, the paucity
of data points in the high concentration limit skagvthe fits, or specific interactions
of GdmCI within the N-terminal} domain. Another source for error could be
interactions between the dyes which would yieldhbigFRET efficiencies than
expected, and would skew curvature to higher valliesrefore Aec.s from activity
coefficient data is retained for Staph. Nucleasasir data are fit with independent
Aeps as justified earlier. Taken together, these resaile all plotted as the exchange
coefficients in Figure 3.21 A and B, except thoze@12 and ACBP. The immediate
observation one can make is the spread of poirgsndr unity. Unit exchange
coefficients imply equal interaction propensity ftre pair of molecules being
compared. Thus, all cosolvent based effects WK&ghange,p-csiS Unity arise from
cosolvent driven effects. In general the protesidees have a higher preference for
cosolvents than for water, except in the casestapts Nuclease (both variants),
RNase H and the GdmCI data-set of Barstar in FiguP& A. The corresponding
Kexchange,c-psin Figure 3.21 B show stronger interactions of dwsolvent with the
protein residue, than with water for all data-sé&tsus a combination of the residue’s
preference for cosolvent, and the cosolvent’s miobeguent occupation of the
protein’s interaction shell compared to bulk sauati(direct and indirect cosolvent
effects, respectively), drive the expansion of timéolded chain. The latter indirect
effect is clearly seen in the cases of RNase H Swaghh. Nuclease, where strong
indirect preference of the cosolvent GAmCI to #&due, compared to that for water

is what drives the expansion process, rather tir@ctccosolvent-protein interaction.
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Kexchange,p-cfor both these data-sets fall below unity, butinth@ychange,c-psare well
above unity.

Barstar and SH3 are the only two data-sgth SmFRET measurements with
both urea and GdmCI as cosolvents. SH3 has higieéerpnce for either cosolvent
compared to water, and a relatively higher prefegdor urea than GdmCI, by a faint
margin (Figure 3.21 A). Likewise, either cosolvemblecule prefers interactions with
the residue than with water, and this is seen ffogure 3.21 B. However, stronger
indirect solution effects in the presence of Gdmdiye chain expansion when
compared to urea as th&xchange,c-pdS Much higher for GdmCI (2.0) than urea (1.8).
Barstar, on the other hand, has stronger interatwith urea than GdmCI (Figure
3.21 A), and this is the reason for collapse seehe presence of GAmCI, but not in
the presence of urea, despite the marginally higlodrent-relative preference of
GdmcCl for the residue than urea (Figure 3.21 B).

Another feature that emerges from Fig@r2l is the clear chain-length
dependence of exchange coefficients described atidds 3.5.4 and 3.5.5. Despite
this model-dependent artifact, the main conclusidnswn above still hold. To
compare these results with data from protein fgidirperiments, a correlation can be
sought between the exchange coefficients and prdi@iding mvalues. The
underlying physical process for both unfolded chaipansion and protein unfolding
is the same, i.e. interaction of the chemical daaat with the protein residues. The
sensitivity of a protein to chemical denaturatioan cbe obtained by the linear
extrapolation method where protein folding freergres are fit to a linear equation

with 4G ater @S the intercept on the y-axis anfoh as the slopgg. Protein foldingm-
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values are known to correlate linearly with the rde in accessible surface area
(4ASA upon protein unfolding, viz. the area of the photthat is exposed to the
solvent upon unfolding. The expansion of an unfdldensemble upon the
introduction of chemical denaturants is akin to thdolding of a protein in the
presence of chemical and indeed is connected byalesthermodynamic cycle'.
The change in accessible surface area upon pratdoiding was shown to vary
linearly with the number of residues on the proteith a correlation coefficient of

0.994°. It may be useful to also consider variatiomef¥alues withN°>, since:

m: AASAAASA B R = m W (3.34)

Furthermore, the exchange coefficients also vargx@gN?) (Section 3.5.5). Thus,
m-values anKexchange p-csShould have a positive correlation with an inceeasm-
value correlating with an increase Kexpansionp-cs Unfortunately, because of the
length-dependent feature of the model, as the clyanws longer,Kexpansionp-cs
decreases because of the(N?) dependence. This an unphysical result because one
would expectexpansion,p-cd0 iNCrease as the sensitivity to chemical getsnger, as
reflected in the magnitude of the length-correatedalue.As a result the corrected
mvalues and exchange coefficients have a negatwelation (Figure 3.22). The
length dependence of the exchange coefficientstigrivial to correct for. Even so,
the correlation is poor with a correlation coeffici of 0.18. This particular
comparison would require further analysis where higdrophobic content of the

proteins are measured from amino acid transfer éeergy data, as well as a
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reasonable correction which accounts for the chength dependence of exchange

coefficients is made.

K exchange,p-cs

06 1 " 1 " 1 " 1
20 30 40 50

-6/5

m X N
Figure 3.2z Correlation between experimental protein foldmgalues corrected

for chain length dependence and exchange coefficfeom smFRET data on the
unfolded ensemble for protein residue’s preferdaceosolvent over water.

3.7 Conclusions

Proteins unfold due to their interactionth chemical denaturants. The
interaction that drives the unfolding process haenb analyzed by several
experimental and theoretical studies that pointthte direct interaction of these
denaturants with the peptide backbone and resithwesgh hydrogen bonding. Thus
predominantly electrostatic interactions on thegiroare perturbed by the denaturing
molecules. It has also been shown in various s$uttiat GdmC| and urea do not
perturb interactions between nonpolar resiii€sand therefore, do not perturb the

structure of water significantly, except at highhcentrations. Thus, the weakened
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hydrophobic effect in the presence of denaturamdy mot a dominant effect for
producing chain unfoldirfg

We have developed an analytical thesrgmextension of the Flory-Huggins
theory of polymer solution thermodynamics to inavgie an additional third
component in solutions, i.e. the cosolvent or adst@dte, in addition to the solvent
and the protein, to analyze the effects of denataran the size of unfolded proteins.
The model makes na priori assumption except for the Bragg-Williams meardfiel
approximation. Thereby, no comment can be made tatbeeu number of bound
molecules to the unfolded protein, since the mddek not explicitly incorporate this
number, or even consider explicit binding eventse Bbsence of the number of
bound molecules to the protein in our analysis Wdé equivalent to the interaction
of one covalent molecule per residue or lattice, sitith the thermodynamics of the
interaction being governed by the probability otwtence of a cosolvent molecule
in the solution, i.e. its concentration. This mapt be such a disadvantage since, a
thermodynamic analysis of denaturant effects onnckize by Haran and coworkers
yielded a similar resuft***” The other feature, which is the treatment ofraxtgon
between moieties on a thermodynamic basis, withoeitexplicit incorporation of a
binding event is in fact an advantage, since agueselutions of denaturing
molecules such as GdmCI and urea show significamtations from ideality and
there is an explicit difference between binding g@meferential interaction, both of
which drive unfolding reactions as described inesalvpapers by Schellman,. The
model predicts a quadratic dependence of interaei@rgies of a protein residue on

the volume fraction or mole fraction of the cosalvewith the curvature of this
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dependence coming entirely from cosolvent-solvetgractions alone. The model
puts observations of chain collapse and expansiora dhermodynamic footing,
where good mixed solvents result in favourabletietmodynamic interactions of the
protein with the solution.

Our results also point to two importaifects which bring about protein
unfolding. Firstly, the interaction of the cosolteiidmCl and urea with the proteins
is stronger than the interaction of the proteinhvgblvent. Thus, in the presence of
these cosolvents, there is a preferential intevaaif these molecules with the protein
over that of the protein with water, with this timerdynamic ratio of preference, or
preferential interaction or exchange coefficienthe range 0.9 to 1.6 depending on
the protein. These results are similar to thosaionet for preferential concentration
independent interactions of these denaturants tiélprotein based on the studies of
Schellman and Recditf”. The second important factor in determining theassion
of proteins by denaturants is the cosolvent-solvetgraction. The model predicts
quite clearly, that the non-ideal endothermic ratfrthe cosolvents GdmCI and urea
should, by itself, drive a polymeric chain to expaeven if the chain has an equal
preference for the cosolvent or the solvent. Plalsicthis result implies that because
of the poor interaction between the solvent andolvesit, as is the case for
endothermic solutes, the protein chain experienaesincreasingly favourable
environment for residue exposure, i.e. a weakenddophobic effect with increasing
chemical concentration. This result is clearly seethe case of proteins RNase H,
Staph. Nuclease and Barstar’s interactions with Gidnvhere the relative interaction

of the protein with the solvent is stronger, biug ireference of the cosolvent for the
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protein’s residues over water, thermodynamicallyvelr the unfolded chain’s
expansion. In general the protein chain is sedrat@ a relatively stronger preference
for urea than for GdAmCI as observed from the Baratel SH3 data on urea and
GdmCI, where thé&exchange,p-cdS marginally higher for urea than for GdmCI. &cf,

in the case of Barstar, this effect has been dontedeto induce a collapse of the
chain in the presence of GdmCI, but not in the gmes of urea. This stronger
preference for urea may emerge from the polar eatfiurea molecules. However the
more pronounced unfolding of in the presence of GHras is seen from loweZ,,
values is due to the stronger relative preferec¢aedmCl for the peptide over water,
when compared with urea. This is again corroborhtethe fact that among the two
GdmCl is the more endothermic solute, and it haskerinteractions with water.

In summary, smFRET experiments have uinegally demonstrated the
expansion of the unfolded chain in the presencederaturants at increasing
concentrations. This effect is universal in proseseen so far, except for cases such
as Barstar or Protein L where a high degree ofggthor polar amino acids on the
chain, or the presence of structure in the unfokelesemble, could perturb the purely
polymeric dependence of chain properties on chdndieaaturants and cosolvents.
GdmCl being an electrolyte is especially prone tabiizing structures with high
degrees of charged interactions, thereby bringbmyiacollapse. Although proteins in
high denaturant concentrations have propertieslainm those of a random coill,
whereR; ~ N*°, there have been studies to show that denatudantsot produce
unfolded state expansion by X-ray scattering measents’. However, the use of

small angle X-ray scattering measurements to détertie size of a random coil
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may not be the ideal technique for assesstggas in the study by Kohn and
coworkers), due to possible errors coming fromhigg protein concentration needed
for the experiment, which could interfere with aete size measuremehts The
stage is now set for further single molecule unf@dneasurements on proteins with
varying sequence lengths, and simultaneously oteip with similar lengths to
address the issue of chain length dependence o sbrthe exchange coefficients
obtained from our analysis. In the interim, a cotic needs to be incorporated in the
model to account for this effect. Further, a corgmar between microscopic energies
of interactions between amino acid residues andedisolvents and the
thermodynamics of the transfer of amino acid grdups water to mixed solvents is
in order. This is ongoing work, and would allowieedt comparison of the extracted
pair-wise interaction parameters from our model #m@ energy estimates from
transfer experiments. Temperature dependence ofxpansion and collapse of the
unfolded state in the presence of denaturants lsarba analyzed with our model. In
a study by Schuler and coworkers, unfolded statéapse and expansion was
observed under varying conditions of temperaturethe cold shock protein from
Thermatoga maritimaby smFRET. Such measurements in combination with
theory would further explain the thermodynamics mbtein denaturation by
chaotropic cosolvents, and the polymeric propedfasfolded chains. These studies
would contribute immensely to a deeper characteoizeof the unfolded ensemble
enabling the possibility of improving computatiorsinulations on protein folding

reactions.
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Chapter 4. The Effects of Chaotropes and Kosmuaipes:
BBL as a Case Study

41 Introduction

While the previous chapter focused andfiect of the chaotropes GdmCl and
urea on protein conformations, and specifically timolded ensemble, this chapter
attempts to determine the effect that chaotropes kansmotropes would have on
protein structure in acid-denatured BBL. A formaéfidition of the terms
‘kosmotrope’ and ‘chaotrope’ is in order. Kosmotesp or kosmotropic solutes are
those, which upon dissolution in water, bring abawecrease in the entropy of the
first shell of dissolved water molecules surrougdihe ions or the non-electrolytic
soluté®® compared to the bulk solvent. Neutral salts withs of high charge
density such as Lior F appear in the category of kosmotropes. Thus kasipiot
solutes, or kosmotropic cosolutes or cosolventsn@eused interchangeably in this
thesis) are ‘structure-makers’. Chaotropic soluiasthe other hand bring about a
relative increase in the entropy of the first sluélwater molecules surrounding the
solute, when compared to the bulk solvent. Thusy thre characterized as water
structure-breakers, in at least the first shelwater molecules. These definitions,
whereby dissolved cosolvents are split into twoesy@r groups, and their relative
ranking or ability to change the stability of bidyroers, stems from the classic paper
by Hofmeister (published in German, in the Archie¢€xperimental Pathology and
Pharmacology in 1888) on the ability of dissolvexitnal salts to precipitate proteins

out of their aqueous solutioms vitro, i.e. the salting-out of a protein. The salts and
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their component ions seemed to follow a rank-ordgrwhereby there were large
differences in the minimum concentrations of saljuired to salt-out proteins, as
measured by their precipitation cloud-points. Ttask-ordering of salts and ionic
species was termed the Hofmeister effect, wherebgoraelation was observed
between the cloud-point and ionic properties ofgbkite or constituent ions. Small
ions with high charge densities or ions with mudtipharges such as $Oor Li* salt-
out proteins the earliest, where as larger ion$ st Bi and RB do so at higher
concentrations. Indeed low concentrations of thgedagroup salted-in proteins
whereby between 0.1 and 1 M, they increased théosity of proteins in water. This
series rank-ordering has been observed time anoh agaseveral other kinds of
experimental observables, such as the relative@sises of solutions, surface tension
measurements, solute enthalpies of hydration, ghamghe melting temperature of
protein unfolding, and the order in which thesesietute out of Sephadex colurfths
Kosmotropes have relatively higher heats of hydmtfthey are exothermic), are
strongly solvated by water molecules, and hydrdgemding at the solute-water
interface drives the relative entropy reductionrdugk water.

The scenario is the opposite for chaEsy where several potential hydrogen
bonds are compromised at the ion-water interfaaajihg the water molecules free to
rotate or translate, resulting in higher entropielative to the bulk. Kosmotropes
stabilize proteins (in terms of the stability oftinative structure relative to other
ensembles) due to their ability to bind water sgtgnwhich excludes them from the
protein surfacE®** This forces the protein structure to minimize @sed surface

area in the presence of what is effectively a poaelvent; one where the
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hydrophobic interaction becomes stronger, bringibgut compaction and structure
formation. It is this increase in hydrophobic i@teion and drive to minimize
exposed surface area that promotes protein-pradssociation, and eventually
precipitation or salting-out. Chaotropes on theeotthand, destabilize protein
structures relative to kosmotropes, allow for aatge degree of exposure to mixed-
solvents bringing about a decrease in the hydrophedfect. They salt-out proteins at
much higher concentrations than kosmotropes. Theyglzaracterized by lower heats
of hydration compared to chaotropes, and in thee ec@sGdmCIl and urea, their
solutions are endothermic. They are not excludedhfthe first hydration shell of
proteins to the same extent as kosmotropes alloviimga greater degree of
occupation of the volume surrounding protein resgjwften resulting in binding to
the backbone or amino acid residues. It is import@ammention that apart from this
solvent-driven effect, often direct interaction lwitharged residues, and a Debye-
Huckel screening of electrostatic interactions alffects the extent and the manner in
which electrolytic solutes or polar non-ionic selsiaffect protein stability.

The relevance to the present study cofrs this very ability to affect
protein stability and modulate interactions of gretein with its mixed-solvent, and
the affect solutes have on intra-protein interanxgiorhe following critical questions
can then be raised about the effect of kosmotropgzoteins: How would dissolved
solutes which are kosmotropic relative to GdmCI anmda, affect protein size
distributions in the unfolded ensemble? Would aaterdegree of compaction be
observed in the unfolded ensemble in the presehsalts such as NaCl? Further,

would any degree of structure formation, i.e., ldifay, be observed in the presence
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of such salts due to the tuning of the hydrophelfffiect and electrostatic interactions?
If so, how would these refolded ensembles compdtte tive natively folded state in
terms of stability, degree of structure formationdamelting temperature? The
guestions may be immediately addressed with théeijpraBBL, which is acid-
denatured at pH 3'®% The sections in this chapter are organized inféHewing
order. Section 4.2 reviews the folding propertiethe protein BBL and touches upon
its pH sensitivity. Section 4.3 describes bulk FREperiments on unfolded BBL at
pH 3.0 in the presence of urea, GAMCI and NaCloasleents, and discusses their
effects on protein size. Section 4.4 then descrbesries of CD experiments on acid-
denatured BBL in the presence of these cosolvenessess the possibility of salt
refolding or chain compaction. It also discusses dffect of other solutes such as
LiCl and CsCl on unfolded BBL at pH 3.0, and th&atige differences between the
effect of these solutes, which are different imgof the size of the cation involved,
and also their relative solubilities. Section 4&vds further into high-resolution
NMR analyses of the ensembles observed in the moesef salt. Section 4.6
describes IR T-jump experiments to study the dyearof chain reconfiguration in
the presence of salts, and describes the combffesd #hat pH and salt concentration
have on BBL reconfiguration, resulting in a criticaeassessment of the
manifestations of BBL’s pH sensitivity on its sttue. Section 4.7 summarizes these

results in the overall context of BBL as a globaltywnhill folding protein.
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4.2  BBL: A Globally Downhill Folding Protein

4.2.1 Evidence for Global Downhill Folding

BBL (Protein Databank ID 1BBL) is a 4€sidue variant of a 51 residue
peptide which comprises the peripheral subunit ibppadlomain (dihydrolipoamide
dehydrogenase (E3) binding domain), and is part tleé dihydrolipoamide
succinyltransferase (E2) core, of the 2-oxoglueardehydrogenase multienzyme
complex of Escherichia cofi*>. 2-oxoglutarate dehydrogenase is responsible for
oxidative decarboxylation of 2-oxoglutarate resgtin succinyl-CoA as a product
along with NADH. This multienzyme, which has 3 difént subunits, E1, E2 and E3,
is involved in the citric-acid cycle in an energpg@ucing step during glycolysis. The
E2 subunit shuttles a covalently bound succinyksalte (arising from 2-oxoglutarate
decarboxylation, by the thiaminodiphosphate group the 2-oxoglutarate
decarboxylase- E1 subunit), between the E1 suband the E3 subunit (the

dihydrolipomide dehydrogenase).
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Figure 4.1 Enzymatic reactions carried out by the 2-oxoglutadeehydrogenase
multienzyme complex. (Source: Wikipedia).

The E1 subunit decarboxylates the 2-oxoglutarademrwhich is then transferred to
a ~14 A lipoylated lysine residue on the 80 resiNuerminal domain of E2. This is
called the ‘swinging arm’ which shuttles betweere tlEl domain and the
dihydrolipoamide succinyl transferase domain at38@ residue long C-terminus of
the E2 subunit. It catalyzes the transfer of theesyl group out of the lipoylated arm
to produce succinyl-CoA. Finally, the E3 subunithieh is the dihydrolipoamide
dehydrogenase, regenerates the lipoyl group orNtterminus of the E2 subunit.
Between the N and C-terminal domains of the E2 sithe a small and folded
peripheral subunit binding domain which contairsta that promotes binding of the

E2 subunit to the E3 subunit. This binding domair&2 is flanked by flexible linkers
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which are important for the shuttling function betE2 swinging arm. Overall the 2-
oxoglutarate dehydrogenase complex contains 24esopi the E2 subunit as an
octahedral core, around which homodimers of E1E®dggregate peripherally, with
at least 6 homodimers of each being required tainiag full enzymatic activity?°.

The 40 residue variant of the 51 resisluleunit binding domain, termed BBL,
has been identified as a globally downhill foldipgptein with a single population
existing in all thermodynamic conditions, varyingthe quantity of native structure.
There is no barrier to folding in any thermodynamandition, and this finding was
the first experimental identification of a downHilder, the existence of which was
predicted by the analytical funnel landscape thedrWwolynes and coworkes as the
Type 0 scenarfbof protein folding. The population shifts gradyaffom fully native
to fully unfolded by progressive shortening of thelices and gradual melting of
structuré®'* The thermal melting of tertiary structure, theaweling of secondary
structure and melting of the helices are thermonyoally decoupled, indicating a
temperature unfolding process with a low degree cobperativity. This low
thermodynamic cooperativity results in decoupledblaing events, broad thermal
transitions as studied by low resolution techniggesh as CD and differential
scanning calorimetry, changes in signal in theddldaseline, and a distribution of
melting temperaturesT{'s) spanning 60 K. These results together rule theat
possibility of an all-or-none transition. Analys§ the thermal unfolding data with a
structure-based statistical mechanical approacteldeed by Mufioz and Eatbf,
yielded no barrier heights to folding under anyditan- a globally downhill folding

scenario. This finding has been confirmed by a wateye of techniques over several
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reportd?1414314¢ gagpite the supposed controversial description Feysht and

coworkers of BBL as a two-state folding prot&fi>

4.2.2 On the pH-Sensitivity of BBL

BBL is acid-denatured at pH 3.0. Two histidinesBBL with pKa’'s of ~6.13
and 5.37 are responsible for the unfolding of BBithwdecreasing pH due to their
protonatior®®>14114615qynpublished data, Sadgi and Mufioz). A calculatbrihe
net charge on the protein considering a simple ascerof invariant pKa’'s of the
ionizable amino acids on the protein (of which ¢éhare 14), indicates that the net
charge of BBL should increase from 2.3 at pH 7.8 at pH 3.0, as shown in
Figure 4.2. Electrostatic repulsion at lower pHldoalso be a source for long-range
interactions that destabilize the protein. Acidatened BBL is completely unfolded

as indicated by the CD thermal melts at 222 nmigaifes 4.3 A and B.

9
.
2 7%
© I [
C5fF ®
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3 5 7 9
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Figure 4.2 Theoretical net charge on BBL as a function of pH.
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Figure 4.z CD melts of Naf-BBL at pH 3.0 and pH 7.0. A) Linmdicate molar
residual ellipticities measured between 268.16 268116 K. B) CD signal at 222
nm at pH 7.0 (red circles) and pH 3.0 blue cirate20 mM phosphate and citrate

buffers, respectively
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Figure 4.4 NMR 1D proton chemical shifts in the aliphatigien for folded Naf-
BBL at pH 7.0, and acid-denatured at pH 3.0, atPBK
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Figure 4.5 NMR 1D proton chemical shifts in the amide region folded Naf-
BBL at pH 7.0, and acid-denatured at pH 3.0, at PBK

Figure 4.3 B shows the CD signal at B&2 which indicates a lost of helical
structure with increasing temperature. There it stime signal at pH 7.0 at 360 K,
indicating some residual structure which disappearshe pH decreases. NMR 1D
chemical shifts of the methyl protons comparedHit320 and 7.0 in Figures 4.4 at
283.16 K show the disappearance of signals frommtathyl protons in addition to
line broadening. This result indicates loss of ctice, as does Figure 4.5, with
chemical shifts from the amide protons. Figuresah@ 4.7 are the NMR SOFAST
HSQC spectra with°N natural abundance, for native Naf-BBL at pH 7.288.16 K
and acid-denatured Naf-BBL at pH 3.0 at 283.16d€§pectively. The peaks cluster
between 8 and 8.5 ppm in acidic conditions indicata loss of structure in the

protein.
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Figure 4.6 NMR SOFAST HSQC spectra of Naf-BBL witfN natural abundance at
pH 7.0 and 283.16 K.
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Figurer 4.7 NMR SOFAST HSQC spectra of Naf-BBL witfPN natural
abundance under acid-denaturation at pH 3.0 and 283

The chemical shifts at pH 3.0 are irsariwith temperatufd and thus no

structural evolution takes place with changing terapure in the acid-denatured

ensemble, thus ruling out the possibility of thaseence of some acid-denatured

molten-globule like state at low pH.

4.3

Expansion and Collapse of Acid-DenaturedB.

BBL unfolds by acid denaturation ana@npletely unfolded at pH 3.0. This

sensitivity to pH allows for the possibility of tung native structure in the protein
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without changing solution conditions by the addhtaf chaotropes or by changing the
temperature. The latter two can in fact serve #sogonal thermodynamic variables
in unfolding experiment. This scenario is the udéa state equivalent of double-
perturbation experiments described by Oliva and &#tfi. Furthermore, in the
context of the unfolded ensemble, this propertypbfbased denaturation can be
exploited to study the effect of unfolding agentsts as GdmCI and urea, and the
effect of temperature on thenfolded ensemble alona bulk solutions. Such an
experiment would typically be hard to perform inlkwue to the competing
processes of protein unfolding with changes in GHmiCurea concentrations or
changes in temperature, and the existence of esembraged signals coming from
an entire slew of coexisting populations in bulkteghnique such smFRET confocal
microscopy allows unprecedented access to the \adig®r of the properties of the
unfolded ensemble. However, even in such studiesuhfolded ensemble appears to
have an accurately determinable and sizeable populabove the background only
in moderate to large concentrations of denatur@htis, the acid-denatured BBL
system could be useful in the study of chain exjpanand collapse in varying
conditions by FRET experiments in bulk. Such expents could be performed on
the doubly-labeled Naf-BBL-Dan variant of BBL, preusly described in the work

identifying BBL as a downhill folder, and would x@p on the size of the protéh
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4.3.1 Hydrophobic Collapse of Acid-Denatured BBL

Protein thermal unfolding occurs becatise free energy of unfolding is
curved with respect to temperature. This curvaaurees from slight imbalances in
the enthalpic-entropic compensation when they chamith temperaturé*> In a
structural sense, temperature unfolds proteins usecaf the dependence of its
stabilizing non-covalent interactions such as tldrdphobic effect and hydrogen-
bonding on temperature. High temperature perturese interactions and an increase
in entropy drives the unfolding process. Howeventdoes the unfolded ensemble
itself respond to temperature changes? For larg@mgos in water, a temperature
increase is accompanied by a large increase imattias of gyration of the polymer-
the globule to coil transitidR’. Temperature is also known to cause collapseen th
cold-shock protein and the intrinsically disordepedthymosin A®® Such a process
of contraction in the average size of the unfoldstsemble upon change in
thermodynamic conditions, without the formatiomative structure, has been termed
collapse.

Equilibrium FRET studies on unfolded BBlsing the doubly-labeled Naf-
BBL-Dan variant indicated a decrease in FRET ddficy with increasing
temperature®® which are reproduced here in experiments perfdrinethe author
in Figure 4.8 A. Root mean-squared end-to-end wiists €R>>?) and radii of
gyration are calculated based on the Gaussian esaumption and plotted in Figure

4.8 B, after incorporating, corrections (Figures 4.9 and 4.10).
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Figure 4.& Temperature collapse of acid-denatured BBL. AEFRefficiencies
measured by comparison of naphthyl (donor) quanfieid in the presence and
absence of dansyl (acceptor). Errorbars represegppeiats. B) Root mean-squared
end-to-end distance (blue) aRgl(red) calculated based on Gaussian chain model.

Unfolded BBL experiences a collapse wittreasing temperature due to the
hydrophobic effedt® whereby, with increasing temperature the free gneosf
transfer of hydrophobic or aliphatic groups on thain, from water to a sequestered
environment decreases (becomes more favourablé) This collapse with
increasing temperature is akin to hydrophobic pskaseen in proteins, upon their
transfer from concentrated to dilute solutions ehaturants, an observation now
confirmed by smFRET experimerits®* Hydrophobic collapse in BBL was found to
be diffusive and in the range of ~1/(100 ns) by FREjump experimentS. The rate
of collapse increases with increases temperatabewing the decreases in solvent
viscosity, and then experiences a roll-over ard8®@l K. Since there is no activation
energy for collapse in these conditions, the r@lowas posited to have a dynamic
rather than a thermodynamic origin. The decreasatm arises from an increase in
the roughness of the landscape at high temperatinen the protein is collapsed and

several hydrophobic interactions must be broker¢onfigure the protein chdh
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4.3.2 The Effect of Guanidinium Chloride and Ura on Unfolded BBL

The effect of the chaotropic cosolveB#mCI and urea on unfolded BBL at
pH 3.0 was determined by bulk FRET experiments af-BBL-Dan, the doubly-
labeled version of BBL. Estimates of the size uaiawith FRET as the reporter
were made based on the careful determinatioiRpohis a function of cosolvent
concentration and temperature. The variatioRjicomes about owing to a change in
the quantum vyield of the donor with temperature &amCl, an increase in the
overlap integral with temperature, and an increasefractive indices of cosolvent
agueous solutions with cosolvent concentration. hilag-alanine quantum yield

changes with increasing GdmCI concentration butaitht urea (Figure 4.10).

— 0 M Gdm(Cl
19 ’é\l.87' m
—~ 18} < |
E R 1-85-1 L 0 92 1
5 270 290 310 330 3%0
o 17 B Temperature (K)
nd L 298.16 K
1.6F
ofl [N W TN W Y W YR W NN W TR RN NN W |

[GAMCI] (M)

Figure 4. Forster radius of FRET pair. A) Variation Ry with [GdmCI] at
298.16 K. (Inset) Variation with temperature at (QdmClI.
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Figure 4.1C A) Quantum vyield of Naphthyl-Alanine (donor) asfumction of
[GAmCI] at 298.16 K. Line to guide the eye. (InsB®nor QY changes with
temperature at 0 M GdmCI. B) Variation in overlapegral of the FRETpair with
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Figure 4.11 Expansion of unfolded BBL with cosolvent at pH 3@ircles
indicate experimental data with error bars fromefeats. Lines indicate fits with
the 3-component interaction model to guide the &yesdmClI expansion and fits
for data from 0.25 M to 5 M. B) Urea expansion &tifor data from 0 M to 9 M.
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Unfolded BBL at pH 3.0 undergoes an &sji@n as seen from the decreasing

FRET efficiency, with increasing GdmCI and ureaantration in Figure 4.11 A and

B. FRET efficiency decreases from 15% to ~0 at Pd¥, corresponding to an

increase iy from ~1.5 nm to ~2.4 nm at 5 M, and from 50% t&4l8t 347.16 K,

corresponding to an expansion from ~1.0 nm to ~inb (Figure 4.12 A). The

expansion in the presence of urea is less promeseseen from the FRET efficiency

decrease in Figure 4.11 B and from Ryan Figure 4.12 B, where tH®, increases by
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approximately 0.15 nm at 2743.16 K and by 0.1 n838.16 K from O M to 9 M
urea. The property of hydrophobic collapse withr@asing temperature is preserved
through the entire concentration range of eithesnubal. However, the degree of
collapse decreases with increasing GdmCI, but mesndie same in relative terms,
with increasing urea.

The expansion with chemical is hot monous, as a compaction occurs upon
transfer from 0 M to 0.25 M GdmCI, as seen in Fgdrl2 A. This is unexpected
based on a purely chaotropic effect of GdmCI, sithee curvature of FRET versus
chemical should necessarily be convex as discusstet previous chapter. A fit of
the energies as plotted in Figure 4.13, with 3lyréleating parameters, i.elecs, deps
and4epc, to serve as visual aids, clearly yield negatwerature (and negatives's)
contrary to the positive energies expected frompibstive deviations from ideality
of aqueous solutions of GAMCI. The increaseRinwith urea is almost linear,
indicating a critical difference in the strengtHsirteraction of the two chemical as
seen from the higher degree of expansion in theepee of GAmCI, and a lower

degree of hydrophobic collapse with increasing teragure.
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Figure 4.1z Expansion and Collapse of unfolded BBL with chepé addition
and temperature change at pH 3.0. A) Circles indiBg calculated from FRET
efficiencies by the Gaussian chain model. B) SamA.eC) Blue circles are BBL
Ry in 20 mM citrate buffer, red circles in 7 M Gdm@hd red triangles in 9 M
urea.
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Figure 4.15 BBL residues’ net interaction energys) in different conditions at
pH 3.0. A) Circles represent calculatéds, and lines indicate fits afe from 0.25
M to 5 M GdmCI to the 3-component energy equati®nSame as A, with fits for
data from 0.25 M to 9 M urea.

Thede’s in Figure 4.13 clearly indicate opposite curvatwith chemical at all
experimental temperatures, to what is expectedsdmCl| and urea based on their
solution properties. Furthermore in GdmCI, uponngdirom 0 M to 0.25 M, chain
expansion is observed followed by compaction betm@25 M and 0.75 M, after
which chain expansion resumes (blue circles, Figut@ A). The high temperature
counterpart of this behaviour is chain compactiamf0 M to 0.75 M, after which
the expected chain expansion occurs (red circlegyré& 4.12 A). This peculiar
rollover at low GdmCI concentrations, which is biserved in the presence of urea,
could be attributed to the fact that GdAmCI is aciblyte and its ionization in water
shields the electrostatic repulsions on the chasing from the net charge of ~8.5 at
pH 3.0 (Figure 4.2). This screening effect on radan polymer can be determined
by weighting the Gaussian distribution in Equatioh with the electrostatic potential

in the presence of screening ions, i.e., the Poissteening equation:
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expExr)

V. cerostaic= 1-3865< 10 ————= (4.1)
er
with x being the screening constant:
2
K=\/ 2.e2.NAl.2103.| 4.2)
8.85x 10“¢ RT

wheree is the elementary electric charge of 1.6 X%0, N is the Avogadro number,

| is the ionic strength of the soluteis the dielectric constant of the mediuRis the
universal gas constant, the temperature, and in Equation 4.1, the distance
separating two charged particles. The net eleetiosipotential of the protein
calculated for the several charged residues orchhen at pH 3.0, with the distance
between any pair of charges being weighted by thes@an distribution is plotted
below in Figure 4.14. Although the calculation islyoapproximate with water’s
dielectric constant used for the calculation, orleseoves a decrease in the
electrostatic interaction on the chain with incregsconcentration (ionic strength),

and tapers off by a concentration of 2 M.
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4.3.3 Charge-Screening Effects on a Chain by ar&g Electrolyte

The charge-screening effect could actéomthe low concentration rollover
in chain size of unfolded BBL in the presence ofr@il. At low concentrations, the
electrolytic properties of GdAmCI could dominate 10ite chaotropic properties. This
effect is known to bring about a stabilization loé ihative state at low concentrations
of GdmCI. If so, NaCl should also be able to pratite same effects as GdmCI.
Bulk FRET measurements on Naf-BBL-Dan at pH 3.thim presence of NaCl as the

solute, yielded the efficiencies plotted in Figdr5.
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Figure 4.1t Effect of NaCl on unfolded BBL’s chain size at @0. A) Circles
represent experimentally determined FRET efficiesicLines are to guide the eye.
B) Ry calculated by the Gaussian chain assumption. laneso guide the eye.

FRET measurements in the presence of ba@borate the rollover observed
in low GdmCI concentrations since the FRET efficiendecreases at low
temperature. This result qualitatively seems thmesas that in the presence of
GdmCIl. However, in case of GdmCI, the decrease RETF efficiency at low

concentrations was sharp followed by a second phktsang at 1 M GdmCI with

modest decreases in FRET thereafter. This correlggbto an increase Ry at 0.25
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M, followed by a compaction up to 1 M GdmCI andrtta expansion, indicating the
point where the electrostatic screening effect wobhlve saturated, and the
chaotropic effect took over. No such biphasic behavis observed at low
temperature (273.16 K) in the presence of NaClgcatthg a persistence of the same
effect present at low concentrations all the wayh® highest concentration of 3 M.
The FRET efficiency at high temperature also car@mincreasing indicating chain
compaction, and this trend continues through thigeesrange of concentrations from
low to high salt. Electrostatic screening of charg#eractions on the protein should
bring about chain compaction at all temperatureth wicreasing concentration of
NaCl. However, the trend of compaction is reveradth temperature compared to
the chain size variation with temperature in buffignis is to say, that with increasing
salt, the chain seems to have a larger range @$ stzsample. This unexpected result
can only be explained by the presence of speciferaction of the salt with the labels
(a possibility ruled out by control experimentstba labels), or due to specific effects
of NaCl on chain structure. The screening of etetatic interactions on the chain at
pH 3.0 by NaCl, could bring hitherto distant areasthe chain closer into contact,
due to the lower energetic penalty for approachthaselectrostatic repulsions are
screened. This effect could promote structure ftiona The advent of secondary
structure in BBL, in the presence of salt at low @lbine can explain the large range
of end-to-end distances explored by the proteirassto bring about expansion at low
temperature, and compaction at high temperatusalin Secondary structure at low
temperature could force the two labels apart, due¢reasing chain stiffness- an

effect that would disappear at high temperaturegrwthe salt-refolded protein has
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been unfolded by the increase in temperature. Aypsthesis can only be ascertained

by further spectroscopic studies on BBL at pH 8.€he presence of salt.

4.4  Refolding of Acid-Denatured BBL by Salt

4.4.1 Secondary Structure Formation in UnfoldedBL

Near-UV CD spectroscopic measurementshensingly-labeled variant Naf-
BBL at pH 3.0 in the presence of NaCl indicate selewy structure formation. A
representative series of spectra at 3 M NaCl irufeigd.16 A show a trademark
decrease in the peak at ~222 nm, the wavelengtthéoamide bondz transition.
This effect weakens with loss afhelical structure, where the peak increases ineval
indicated helix melting with increasing temperatiBagular value decomposition on
the spectra produces three components, the foigtating the average signal, and the
second indicating the anti-correlation between peak225 nm and 235 nm in Figure
4.16 B. These are the signals frenmelix and random coil. Amplitudes of the two
components in Figure 4.16 C indicate a decreasth&first component, and an anti-
correlation in the change in signals of the peakghe second component due to the

amplitude sign change.
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Figure 4.16 Far-UV CD of Naf-BBL at pH 3.0 in 3 M NaCl. A) CDetts of Naf-
BBL. B) First two components from SVD analysis, tplied by their singular
values. C) Amplitudes of the first two components.

The third component not shown here dostpeaks at 222 nm and 230 nm,
which are opposite in sign, again indicating sigrfedm theo-helix and random coil,
with amplitudes which are convex with temperatamed have a minimum at 305 K.
This component represents the non-concerted mammewhich helix length
decreases, as this third component is a functiemtimber of helix-coil junctions on
the peptide, which increase and then decrease teitiperaturt’®. This simple
analysis points to the non-cooperative thermal Ildiig of salt-refolded acid-
denatured BBL. Figures 4.17, 4.18 and 4.19 plothislecal signal at 222 nm during
the thermal unfolding of Naf-BBL in the presenceimdreasing quantities of NacCl,
CsCl and LiCl. These three salts have differeniboat but the same anion, and the
key set of differences in the behaviour of thests sathe radii of the cations and the
solubility of the salts in water. Three differematts were employed to determine the
effect that varying cations would have on the mhifay of BBL with salt. The upper
limit of salt concentration employed to perform @izasurements, was determined
by the maximum concentration up to which reversiblermal unfolding could be

performed. These were 3 M, 4 M and 6 M for NaCICCand LiCl, respectively. As
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such, it is clear that all three salts induce difa in acid-denatured BBL at pH 3.0.
Their ability to do so stems from the screeninget#ctrostatic repulsions on the
unfolded BBL chain at pH 3.0 and also from increasethe hydrophobic effect due
to strong interactions with the solvent (water) axdlusion from the hydration shell
of the protein. Their ability to induce protein tresturing can be determined by a
more detailed analysis of the folded and unfoldexdgin’s mean residual ellipticities
at low and high temperatures, respectively. Thesalts are summarized in Figures

4.20 and 4.21.
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Figure 4.17 Thermal melts
of Naf-BBL in the presence
of NaCl. Circles and lines
represent data and
phenomenological two-state
fits, respectively.

Figure 4.1¢ Thermal melts
of Naf-BBL in the presence
of CsCl. Circles and lines
represent data and
phenomenological two-state
fits, respectively.

Figure 4.1¢ Thermal melts
of Naf-BBL in the presence
of LICl. Circles and lines
represent data and
phenomenological two-state
fits, respectively.
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Figure 4.2C The unfolded and folded baselines of BBL in thespnce of salt. A)
Unfolded baseline of BBL in the presence of salptdt3.0 on the left axis. Mean
residual ellipticity at 368.16 K determined frometphenomenological two-state
fits of the signal at 222 nm. Red, green and biudes indicate NaCl, CsCl and
LiCl, respectively. Black line is a polynomial i guide the eye. Red triangles are
bulk FRET efficiencies of Naf-BBL-Dan on the rigitis at pH 3.0 and 348.16 K
with NaCl. Red line is to guide the eye. B) Foldedeline of BBL in the presence
of salt at pH 3.0 and 268.16 K obtained from phemootogical two-state fits.
Circle colour scheme same as in A. Pink circled@asetemperature CD signals in
the presence of GAmCI. (Inset) CD spectra of Nat-BB 1 and 5.3 M LiCl at
268.16 K., indicated by blue and red arrows, retpay, in the main figure. The
brown line is CD sianal at pH 7.0 with no s
Figure 4.20 A plots the unfolded ‘baselisignal at high temperature, when
the protein is unfolded. The change in signal ghhsic with a sharp drop in mean
residual ellipticity between 0 and 2 M for all saltollowed by a flatter, linear region.
The three salts induce structure even in the thigrmafolded ensemble, as can be
observed from the decreasing CD signal with inangasalt concentration. The CD
signals for all three salts overlay in the entiomaentration range, except for CsCl,
which seems to have lower signal between 3-4 M tda@l and LiCl. The FRET
efficiency change in Naf-BBL-Dan, previously dissad in Figure 4.15, in the
presence of NacCl is directly related to the inceemsstructure with increasing salt.
The existence of some residual structure or ssfnen the thermally unfolded

ensemble in the presence of salt drives the FRHEibrdand acceptor further apart
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upon restructuring in salt, causing a decreaserRiBTFefficiency at low temperature.
At high temperature thacreasein FRET efficiency with salt concentration can be
explained based on the rational that upon thernedtimg, chain stiffness decreases
and the distance between the FRET pair decreasetdlecreased chain stiffness. It
is also plausible that in the salt-refolded streetthe donor or acceptor specifically
interact with certain side-chains (e.g. the C-teahihistidine could quench the
dansyl-lysine acceptor), leading to a change iioital environmerit. As mentioned
earlier, these results with NaCl-induced FRET cleangre similar to those in low
GdmCI concentrations, with the exception that iadtef the rolloever observed in
the latter, the FRET and end-to-end distance cleangmotonically with increasing
concentration of NaCl.

Figure 4.20 B shows the folded ‘baseliae268.16 K in the presence of
various salts. These were determined from phenological two-state fits to the CD
melts at 222 nm. All three salts induce structaréhe protein, and can be said to do
so to the same degree, since the ellipticities Imatcanalogous conditions, within
experimental error. Similar to the salt-inducedrieguring of the protein observed at
368.16 K, at low temperature a drastic strengtlgeninsignal at low concentrations
up to 1 M is observed, followed by a linear inceeakh fact by a concentration of
0.25 M of either salt, ~50% of the native signaldicated by the brown line, is
regained. The most striking result is the changesignal with GdmCI, where it
decreases (strengthens) with concentration up 1oVg after which the CD signal
increases. The electrolytic properties of GdmClseatihe electrostatic repulsions to

be screened, which results in a BBL restructuring@mpaction, followed by the

135



regime beyond 1 M, where the charge-screening prppell have saturated and the
chaotropic property of GdmCI takes over. In theecatthe neutral salts, the sharp
increase in structure at low concentrations folldvg a regime of linear change has
its origin in the same properties, with the diffece that these salts are kosmotropic
in comparison with GdmCI and restructure the proteyond the 1 M regime. By a
concentration of 2 M, the CD low temperature bagebf BBL in the presence of
either salt, matches that under native conditiodgcating a full recovery of the same
degree of structure as at neutral pH.

At pH 7.0, the net charge on the proten~2, contributing relatively
favourably to the stabilization of the protein,comparison to the contribution at pH
3.0, when a net charge of ~8.5 produces a highgredeof electrostatic repulsion
between charged moieties on the protein. Thustepelsive electrostatics at pH 3.0
replace the relatively less unfavourable electt@stgpresent at neutral pH. This
difference has a direct influence on structuresesiBBL unfolds with decreasing pH.
At pH 3.0, in the presence of a far greater elstétec potential (similar to the effect
described by Stigter and Ofif), solvent restructuring and an increase in the
hydrophobic interaction in the presence of 2 M, sallnost exactly compensate the
destabilizing effect of long-range electrostatipuision. Thus, the landscape of
unfolded BBL can be tuned towards higher structyesimply modulating pH and

salt concentration.
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4.4.2 The Reduced Folding Cooperativity of SaRefolded BBL

The first derivatives of low resolutiticermal melts are a first approximation
of the cooperativity of thermal unfolding, and cersely, folding, since they are
essentially the rates of change of the signal bemegsured with the independent
thermodynamic variable, such as denaturant coratésriyr pH or in this case
temperature. The maxima in such curves indicataehmerature at which the signal

undergoes an inflection.
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Figure 4.21 Thermal melting temperature and broadness of lt&ntal melts of
Naf-BBL. A) Smoothed first derivatives of CD signalith red, green, blue and
brown circles indicating Naf-BBL at pH 3.0 with 2 MaCl, CsCl and LiCl, and
Naf-BBL at pH 7.0 with no salt, respectively. Lina® to guide the eye. The table
indicates1H,’s of Naf-BBL in the three conditions with that@t 7.0 and no salt,
to indicate relative cooperativity of refolding Wwitespect to that under native
conditions in units of kJmdl B) TheT,'s of thermal unfolding determined from
phenomenological two-state fits to thermal unfodd@D data, with same colour
scheme as in A, but with LiCl as the added sathanpH 7.0 condition. Dashed
brown line indicated, of Naf-BBL at pH 7.0 and no salt. Lines are polynal
fits to guide the eye.

The point of inflection is the conditiost which variation in signal is
maximum. Mathematically, this occurs when the didn@s undergone a 50% change

compared to its upper and lower limits. This is the in thermal unfolding
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experiments. The slope at tfg, i.e. the value of first derivate of signal versus
temperature (such as those plotted in Figure 4.21aWd the broadness of the
transition both indicate the degree of cooperatigitthe transition. Theoretically, an
all-or-none transition should be infinitely shampand theT,, with little or no change
in signal in the temperatures below and above te#imy temperature. However,
even for two-state folding proteins, folding curvdsve finite slope and
broadness*®® For a globally downhill folding protein such a8Bwith no energy
barrier to folding and even for proteins with maigi barriers, thermal unfolding
transitions in experiments such as differentiahsaag calorimetry, or spectroscopic
measurements are broader than that expected fablissed two-state folders
14.141,144-146.156.1831 )5 the broadness of a thermal melts is an diateindicator of
folding cooperativity in low resolution experiments

The first derivatives of the CD thermaglts at 2 M salt are plotted in Figure
4.21 A. TheT's in the three curves almost exactly matchTih@f BBL under native
conditions at neutral pH (~318 K). The continuadtrecturing of BBL with salt to
produce the native baseline of Figure 4.20 B, dral unfolded baseline at high
temperature in Figure 4.20 A, the coincidence nfcstiral content (determined from
the signal), matchingm's in 2 M salt and at neutral pH, and concomitawctease of
Tm and structure formation with salt (Figure 4.21 &) indicate the direct correlation
between structure and stability, as expected foovanhill folding proteif®®. It also
points to the fact that salt-refolded protonatedLB& pH 3.0 adopts the same
structure as native BBL in neutral conditions. Trasfurther confirmed by NMR

experiments described later.
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A critical difference between the thermafolding of salt-refolded protonated
BBL and native BBL is the lower cooperativity ofetimal melts as judged from the
increased broadness of first derivative curves imgufe 4.21 A. In a
phenomenological two-state analysifi,, defines the sharpness of the thermal
transition and the table in Figure 4.21 A lists thi-point folding enthalpy for all
four conditions. Salts with different cations falldhe rank-ordering of NaCs™>Li*
in their ability to reduce the mid-point foldingtbalpy with respect to that at neutral
pH. A ratio of thedHy,'s in salt to that at neutral pH is an indicatidntlee relative
cooperativity or sharpness of the salt-refoldedrtia® melting curves in comparison
to that at neutral pH, and yield values of 50%"(IN&2% (C$) and 62% (Li). These
ratios are relative cooperativities, and the thémheaaturing curves in 2 M salt are at
least twice as broad as the thermal unfolding aunfethe downhill folding protein
BBL in neutral pH; thus, the transition is at le&stif as cooperative. Similarly,
another estimate of relative cooperativity can ioletd from the derivative curves
themselves, as follows. The first derivative curaes interpolated mathematically to
0.1 K increments, and the values of the first deiwe at 15 K below and above the
thermal denaturation midpoint are summed and nazedhlby the value of the first
derivative at theTl,, for each condition of salt concentration or pHisTtatio when
compared to the ratio obtained for BBL at neuttdl gdlso gives an estimate of the
relative sharpness of the thermal unfolding curvEse relative cooperativities
arrived at are 47% (Nj 44% (Cs+) and 69% (L), similar to the relative

cooperativities obtained by comparison of the midponfolding enthalpies.
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The same rank ordering is observed endfiect of salt on th&,’s of salt-
refolded protonated BBL at pH 3.0, with the largestease i, for unit increase in
salt concentration being produced by NaCl, follosdCsCl and LiCl. This rank-
ordering does not follow the Hofmeister serieshar ¢ationic radii, but in fact follows
the aqueous solubilities of the three salts inaasing order NaCl (6.2 M)<CsCl
(11.0 M)<LICI (19.6 M). This is a direct indicationf the fact that protein
restructuring is caused by solvent effects in tmes@nce of salt, where strong
kosmotropic interactions between the salt’s iors water, exclude the ions from the
protein’s surface, and also induce structure. Losodumbilities are a result of a greater
degree of water sequestration, and the more aiprateexcluded from the bulk
solvent, the more stable it becorfféd,

Table 4.1 has the midpoint unfoldinghafpies for all conditions determined
by phenomenological two state fits, and the redatteoperativities in all conditions
are less than unity, indicating broader thermahdittons compared to thermal
unfolding of BBL at neutral pH. Thus, although sait restructuring and an increase
in the hydrophobic effect at pH 3.0 in the presenfesalt can induce protein
refolding in a pH-sensitive protein such as BBle firesence of highly unfavourable
electrostatics on the protonated chain, screenegdrtineless due to the presence of
salt, precludes the possibility of cooperative ifodd Electrostatic interactions are
long-range forces and act beyond simple immediatghtbour two-body interactions
such as hydrogen-bonding or van der Waals intenagti The source for folding
cooperativity is this non-local thermodynamic congl or interaction mediated

between a pair of moieties by the presence ofast lene other moiety in betweéh
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Structural connectivity or the thermodynamic conglbetween sequence non-local
portions of a protein arise from such long-rangéeractions, and electrostatic
interactions can contribute to this efféctThus, in acidic pH, the presence of
unfavourable electrostatics prevents thermodynaooiapling between sequence-
distant groups on the chain, and prevents the dnain folding as cooperatively as
BBL at neutral pH. Although interactions such a® thydrophobic effect are
sufficient to induce folding of a protein, foldingpoperativity, i.e. thermodynamic
and structural coupling between distant regionsagprotein cannot be induced.
Therefore, the presence of favourable electrostateractions is determined to be
critical to folding cooperativity in addition to ¢h presence of hydrophobic
interactions. BBL has a well-defined hydrophobic cbtebut even so has a low
degree of folding cooperativity. Figure 4.22 shows the first derivates of the CD
signal of Naf-BBL in 4 M LIiCl at two different pH:s3.0 and 7.0. BBL has similar
Tw's in either condition and similar degrees of nekatcooperativities (Table 4.1) and
broadness of the thermal transition, based onualiaspection of the curves. BBL in
these conditions is stabilized with respect to B#lneutral pH, due to structuring of
the solvent. This shows that the same physicakfwehich are at play at low pH and
a high degree of protonation of BBL, are also pnes¢ neutral pH, and the same
forces, i.e., electrostatic interactions and stiteeiging of the hydrophobic effect due
to solvent structuring contribute to protein stiépiand cooperativity. Figure 4.22
also serves as an important control experimenthwsimows that the structuring effect
is not an artifact which emerges from the effecthef protonation of histidines on the

nature of the folding transition, as has been agirhy Fersht and coworkét$and
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Wolynes and coworkel¥. Rather, the stabilizing effect of salt, and tledering of

lower folding cooperativity in its presence is mesd in both sets of conditions at

pH 3.0 and pH 7.0, with overlaying, and similar relative cooperativities (Fig. 4.22,

4 M LiCl condition).
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Figure 4.2z Reduced folding cooperativity and increased btglin the presence
of salt. Circles represent first derivatives of measidual ellipticity of Naf-BBL
with 4 M LiCl at pH 3.0 (blue) and pH 7.0 (red).dvn line isT,, of BBL at pH

7.0
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Table 4.1 Unfolding midpoint enthalpies4f.) in kJ.mol* in different salt

concentrations at pH 3.0 with NaCl, CsCl, and LaSIthe salts employed, and at pH
7.0 with LiCl as the salt. Asterisks indicate etpies normalized to that at pH 7.0 in
citrate buffer. The numbers in parentheses ardivelaooperativities calculated by a

ratio of 4H, in the given condition by that of BBL at pH 7.01fin two-state fits.

[Salt] (M) | pH 7.0+LiCl | pH 3.0+NaCl | pH3.0+CsCl| pH3.0+LiCl

0 105.65 (1.00) - - -

0.2 96.00* (0.91) - - -
0.25 - 50.67 (0.48)] 62.38 (0.59) 49.08 (0.46)
0.5 | 106.12* (1.00] 60.18 (0.57)| 49.64 (0.47) 52.890 (0.50)
1.0 - 54.11 (0.51)| 52.82 (0.5) 53.16 (0.50)
1.5 - 57.17 (0.54)| 58.55 (0.5§) 65.36 (0.42)
2.0 70.76* (0.67)] 52.53(0.50) 54.54 (0.52) 65862)
3.0 - 66.23 (0.63)| 61.93(0.59) 72.04 (0.48)
4.0 74.65* (0.71) - 86.89 (0.84) 80.28 (0.7F)
5.0 - - - 67.20 (0.64
6.0 - - - 55.31 (0.52

4.5 Salt-Refolded BBL is not a Partially-Strutured Non-Native State

A compact folding intermediate that Iveall-preserved secondary structure,

&@*1% with exposed hydrophobic patches and

but compromised tertiary structlf
larger radius of gyration, higher enthalpy and @pyrthan the native state, among
other spectroscopic and hydrodynamic propertiesvhirch it is different from the

native protein, is called the ‘molten globule stateis a generic term and can refer to

the existence of this state in conditions wheis fiopulated either by temperature or
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denaturant. The term is often interchangeably wgiéd the term ‘A state’, whereas
strictly speaking, the latter refers to those derest states produced by acidic pH,
which do no have the same degree of loss of steietiullow pH as in the presence of
denaturing agents, and can refold upon additiosatf. A seminal study on salt-
refolding of the acid-denatured state of apomyoglginsited that anion binding to
protonated sites on the protein at low pH inducetblding in highly acidic
conditions, where [H<10? M®. Since our observations on protein refolding by
addition of salt are made in conditions similarsiadhat are employed in populating
molten globule or A states, it is critical to detéme whether salt-refolded protonated
BBL is truly native-like in its structural and dymé properties.

It has already been established thatenrms of spectroscopic signal and
thermal melting temperature, salt-refolded BBL d@ddpe same properties as those
of native BBL, hinting at the readoption of natiggucture merely as a simple
function of the balance between destabilizing pratmn and solvent-induced
stabilization. However, caution must be exercis&leh since we do make the
observation with a low resolution technique suclC8sthat the acid-denatured state
does retain some residual signal which decreas#isefuupon addition of GdmCI
(Figure 4.20 B). However, the proton chemical saift SOFAST HSQC spectra at
pH 3.0 in comparison with those at pH 7.0 in Figuded4, 4.5, 4.6 and 4.7 clearly
indicate that the onset of acidic pH brings aboatnplete loss of structure.
Furthermore, the chemical shifts at pH 3.0 do nbows any variation with

temperature, whereas the ones at pH 7% tevertheless, it is crucial to verify that
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salt-refolded BBL is indeed not a molten globulkstetor an A state, which if it were,
would give rise to the observed low cooperativityhermal unfolding transitions.
Upon comparison of chemical shifts ie #timide region of their proton 1D
spectra, at pH 3.0 and pH 3.0 with 2 M LIiCl (comatis in which BBL refolds) in
Figure 4.23 A, we see that the chemical shifts ldt 30 show significant line
broadening, along with the absence of peaks atraepesitions, when compared
with the signal from the salt-refolded sample. Rerinore, the chemical shifts for a
molten globule or A state with secondary structima, no tertiary structure should
have peaks bunched in the region of 8-9 ppm. Glid¢his is not the case. Figure 4.23
B plots the chemical shifts for the same two caadg but in the methyl region,
where again we notice line broadening and the gisaance of peaks. This indicates
that at a structural level, the protein in pH 30@ @H 3.0 with 2 M LiCl are distinct.
The protein is indeed unfolded at pH 3.0 and stingcts consolidated in the presence
of salt. Most importantly, the tell-tale signs ofolten globules in the 1D amide
spectra of BBL at pH 3.0 and 2 M LiCl are absemntother critical comparison would
be that between the salt-refolded protein at pHa®@ the native protein at neutral
pH. Figures 4.24 A and B plot the overlaid amide amethyl region 1D spectra of
salt-refolded protonated BBL, and BBL at neutral. pFhe existence of peaks
indicating structure in the spectra of refolded B&id the absence of line-broadening
effects, and correspondence between the peakdolded and native BBL indicate
that the salt-refolded structure is indeed natike-land not a non-native molten
globule. The overlaid SOFAST HSQC spectra in Figuke25 and 4.26 also

corroborate these observations. While a differanceH between salt-refolded and
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native BBL would shift the chemical peaks, the &apace of shifted but
corresponding peaks between the two proteins inrEig¢.26 indicate that the salt-
refolded BBL is truly native in structure. 1D spectre plotted on the following

pages.
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Figure 423 1D proton NMR chemical shifts for acid-denatufgceen) and salt-
refolded (black) BBL in the amide (A) and methyl) {gions.
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4.6 BBL Refolding Dynamics at Varying Degreesf Chain Protonation

BBL is a globally downhill folding pratecharacterized by the absence of a
free energy barrier to folding under all thermodyiw conditiong?®*4141143-146.156
However, a recent series of articles by Fersht @wlorker$®®**?and a report by
Wolynes and coworkel® seem to suggest that: a) The protonation of thénctand
in particular the two histidines in the sequenceedticed pH introduces instability in
the structure, especially since the second higites in the secong-helix and has a
perturbed pKa (5.37). This is claimed to bring abewdispersion in th&,, observed
in the atom-by-atom thermal unfolding of BBL at pt8**%; and b) The differences in
the degree of protonation between pH 7.0 and pHb&r&) about a change in the
folding mechanism from barrier-limited at neutrél o downhill at lower pH’s.

While it is known that a decrease in gébtabilizes and unfolds BBL, the
structure of BBL was solved at pH 5.3 and does stutw any dispersion, or
conformational degeneracy or heterogeneity in therail structure or in the second
a-helix**~. Thus, the structure of BBL at pH 5.3 is fully ded and native as
determined by NMR. The effect of pH on the foldimgechanism of BBL can be
tested by performing nanosecond T-jump Kkineticseerpents on the BBL at
different degrees of protonation of the chain dmal histidines. Time-resolved IR T-
jump kinetics measurements on BBL, measuring dyosiwii the backbone structural
melting, showed the existence of a single expoakntlaxation upon temperature
perturbation of equilibrium, with relaxation time the order of tens of microsecond
and a maximum in amplitude at ~325 K. FRET T-jumipekics measurements on

BBL showed a relaxation with contributions from twomponents, reporting on the
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dynamics of the end-to-end distance variation @ese in size with thermal
unfolding) in BBL. The faster component is in theé-scale of ~100 ns and its
amplitude increases linearly with temperature, aodesponds to the hydrophobic
collapse of acid-denatured BBL. The second slowenponent has relaxation times
in the range of tens of microseconds and amplitile a maximum at ~290 ¥
The folding dynamics were shown to be incompatiién two-state and three-state
folding models, and were explained by the dynanutsthe protein on a one-
dimensional harmonic potential well with a smoatinface, and where the relaxation
rates kon9 depend on the curvature of the well)( the diffusion coefficient of
motions on the surfacB(T,n,probe)(a function of temperature, solvent viscosity,

folding order parameter) and temperaturd’{, according to Equation 4.3:

’.D(T,n,probe)
kobs = RT

The dynamics of BBL refolding at variowkegrees of protonation are
measured here by nanosecond IR T-jump experimdtis. following protocol is
employed. pH decreases fhgof BBL. LiCl at precise concentrations so as tdaha
the T, at two pH’'s 3 and 5.3 (and additionally 4.5 andd studied in the kinetics
experiments) is added to acidified BBL. This ensutleat temperature dependent
differences folding stability do not affect refaldi dynamics. Two scenarios can be
envisaged. If the hypothesis that BBL’s folding im&aism changes from barrier-
limited to downhill upon reduction in pH from 7.8 true, and that the a molten-

globule or A state is populated in the acidic pHhwa barrier separating this state,
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and the true unfolded state, then relaxation inlolaepH regime should necessarily
be faster than that at pH 7.0. This is becausédnger at neutral pH would decrease
in height but still exist, enough to affect foldimglaxation dynamics. A small
decrease of the energy barrier by ev&TY should speed up the relaxation by 2.7-
fold. Further we could expect differences in thiexation dynamics at the two acidic
pH's 5.3 and 3, however the stabilization introdudey the salt could have
complicated effects on relaxation dynamics. ThisuMonot only confirm the
existence of the A state, but would also indichgedxistence of a barrier between the
two purported states that BBL adopts in its foldmgchanism.

In the alternate scenario, if BBL's finlg relaxation dynamics, as shown by Li
and coworkers in a study in the Mufioz lab, is dikmal over a single harmonic
potential well, then dynamics at match&g's should only be a function of the
curvature of the well. This curvature is determinag the degree of structural
connectivity or cooperativity of folding at the giv condition. It is known that salt-
refolded structures refold less cooperatively thrathe absence of salt, producing a
broadening of the potential well, and a greateeagrnn order parameters that define
the potential well. This reduced curvature of theeptial should slow down the
relaxation according to Equation 4.3. IR T-jump swas the relaxation of the
backbone during the structural transitions and ldifig accompanying the ~10 K
temperature jumps. Figure 4.27 shows the mean uasiellipticities at 222 nm
measured by CD at three different pH’s with LiCbad so as to match the melting
temperature and eliminate order parameter effestshe diffusion coefficient of

relaxation, making it dependent solely on curvature
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Figure 4.27 MatchingTy's at varying degrees of chain and histidine pratmm
with LiCl. A, B and C are molar residual elliptigs at 222 nm determined by CD,
at pH 3.0 with 2 M LIiCl, pH 5.3 with 0.38 M LIiCIl a@npH 7.0 with no salt,

respectively. D, E and F show the correspondirgj @ierivates of the signals in A,
B and C.

interpolation of [LICl] , considering that 2 M LiGé needed at pH 3.0 to match the

Tm to that pH 7.0 This was confirmed by CD measurdménthe presence of the

[LiCI] for intermediate pH’s between 3abd 7.0 was determined by iterative

corresponding [LiCI].T,, measured by finding the maxima of the first detmxes of

the CD signal at 222 nm with temperature, at pHM.5alt, 5.3 no salt, 6 no salt, and

7.0 with nosalt yielded values of ~298 K, ~305 K, 318 K and 8X, respectively,

although the thermal melt of pH 6.0 had a lowepslatT,. T, measured likewise at

pH 4.5 with 0.93 M LiCl, pH 5.3 with 0.38 M LiCl anpH 6 with 0.23 M LiCl,

yielded similarT,’s (as seen above by visual inspection in Figutg3 D, E and F)

of 318 K, although that for the pH 5.3 with 0.38LMCI| sample was slightly lower at

~313-315 K, thus prompting a recalculation of th€llconcentration to be 0.42 M at
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pH 5.3 to match thd@,, of pH 7.0. A phenomenological two-state analysistlrese
thermal melts yields similail,s of 323 K for all conditions wher&,’s were
supposed to be matched by the combination of pH salf, and relative
cooperativities of 0.51, 0.66 and 0.73 at pH 4.8,d&nd 6 with added salt (compared
to 0.65, 0.61 and 0.9 at these pH’s with no sated)l This again shows that even at

matchedr s, the folding cooperativity lowers as more saladded
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Figure 4.2¢ Exponential decays of the absorbance at 1632 loynNaf-BBL at
pH 7.0 with ~11.5 K jumps to final temperatures286.34 K (black), 304.26 K
(red), 311.77 (green), 319.91 (yellow), 324.83 ¢hland 330.09 (pink). The
corresponding relaxation timesyy are 22.58is, 20.30us, 14.15s, 7.97us, 4.55
us and 3.13us, respectively. (Inset) Circles are amplitudeshef relaxation and

the red line a Gaussian fit to the amplitudes vatmean of 322.8 K (th&y)
indicated by the brown line.
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The normalized relaxation of the absbndeaat 1632 cih after ~11.5 K T-
jumps are plotted in Figure 4.28 for a few samphageratures around 315 K for Naf-

BBL at pH 7.0. The decay speeds up with increa@ngperature (see figure caption).
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Figure 4.29 T-jump relaxation at th€,’s in the three matched conditions.
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The relaxation time at 333 K is predicte be 0.5%s from a linear fit of the
relaxation times in Figure 4.29 needed to fit tleead/s. This value is remarkably
close to that of 0.4is, predicted by Eaton and coworkers to be the pprdtéding
‘speed limit™® (N/100us, whereN is the sequence length). The relaxation timesnare
the order of a few microseconds at fhg of ~324 K for BBL at all the pH'’s, as
shown in the legends in Figure 4.29. This resudinghstriking similarity between the
rates at acidic pH's and pH 7.0 A barrier-limiteafalding process, with reduced
barrier-heights at low pH, would result in muchtéagelaxation (a 2.7-fold speed-up
for 1RT increase in barrier-height) when compared to pH Aowever, the,s are
similar (~6.5us) atT,, for all pH's within experimental error, indicatindat the
second scenario holds, i.e. that BBL folds by @ally downhill folding mechanism,
and there is no mechanistic difference betweenrfgldt neutral pH and acidic pH,
as claimed by Wolynes and coworkers. Furthermdre,coincidence of rates in the
entire range of temperatures from 295 K to 350 Kafib 3 pH'’s, 3.0, 5.3 and 7.0 in
Figure 4.29, indicate a unified folding mechanidmattis preserved in all conditions

as previously demonstraf@g*141143-146.156,163
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Figure 4.30 Relaxation rates of BBL folding monitored by namased IR T-jump.

Thus, the possibility of the existenck ao barrier to folding in BBL is
unequivocally precluded by the coincidence of fofdirelaxation rates at all
conditions of pH and temperature within experimemaor, irrespective of the
protonation state of the protein and in particutbe, histidines. The rates at low pH
should have been faster than those at pH 7.0 im @wcenario since the existence of
such a state would involve energy barriers betwibenexisting population at any
given condition, and these barriers would decreatie decreasing pH, speeding up
refolding rates. Furthermore, the wealth of CD &MR spectroscopic data on the
salt-refolded protonated state of BBL confirms ttias ‘state’ is indeed native-like
and not a molten globule or ‘A state’. However,suzh speed-up is seen in the case
of BBL. The destabilization of BBL with pH is indgéea manifestation of the
protonation of ionizable moieties on the proteimdaa single conformational
ensemble is populated under all conditidnghe one-dimensional projection of

BBL'’s hyperdimensional free energy surface ontangle order parameter yields a
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surface that is smooth (with respect to & fluctuations). Reconfiguration or
folding dynamics in this case can therefore be rilgsd as diffusion along a smooth
harmonic potential well, with rates being propamabto the square of the curvature.
Although folding at low pH with added salt proceed#h lower cooperativity than at
neutral pH, indicating a broader population disttibn and a broader corresponding
potential well with lower curvature, no slow dowh relaxation rates with pH is
observed. It is possible that at matchings the effect of lower curvature at low pH
is compensated by a higher effective diffusion toeht D along the surface, due to

looser thermodynamic connectivity between portionshe chaifi".

4.7 Conclusions

The effect of the chaotropic cosolventea and GdmCI on the unfolded
ensemble of various two-state proteins was deteunby applying the 3-component
guadratic interaction energy equation to the netrggnof a protein residue, to yield
subtle differences in the relative effects of thesalvent and solvent on protein
expansion and compaction. This chapter dealt whih effect of the chaotropes
GdmCIl and urea, and additionally kosmotropes N&SCI and LiCl on the unfolded
ensemble of BBL as the starting point. BBL is udéa at pH 3.0 due to a pH-
dependent protonation of the ionizable amino aoilshe protein. In particular two
histidines play an important role in modulating fiend stability of the protein. This
system is ideal for the study of the effect of thedynamic conditions on the
unfolded ensemble in the absence of interferenam fthe folding reaction. Bulk
FRET measurements indicated that the unfolded sta®re compact than the native

ensemble, and that increasing temperatures resudi compaction of the acid-
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denatured ensemble due to the stronger hydropledtact at elevated temperatures.
However, a peculiar low concentration ‘rollover’ the presence of GdmCIl was
observed, which has its origins in the compactibra@d-denatured BBL at low
GdmCl concentrations. This occurs due to the Déthiyekel charge-screening of the
electrostatic repulsions by the Gtiand Cl ions. However, at concentrations above
1-1.5 M when the charge-screening effect satufatemonovalent neutral salts, the
chaotropic property of GdmCI takes over and prodube expected expansion for a
chaotrope. GAmCI has a stronger effect on chaia biinging about a two-fold
increase irR,. This is in stark contrast to the effect of urehjch does not increase
the Ry appreciably (<0.2 nm) at all temperatures evea ebncentration of 9 M. A
detailed analysis on the 3-component-like effectlo@in expansion, similar to that of
the second chapter cannot be performed on acidutexdaBBL, except for heuristic
purposes, since the denaturant driven expansiomenites only after 1 M, and is in
competition with prior folding events in the preserof GdAmCI. Further, the presence
of some residual structure in the acid-denaturat senders negative curvature to the
interaction energy versus chemical curves, i.airghysical result.

The effect of kosmotropes, on the otieerd, is interesting, since the addition
of a salt such as NaCl, causes refolding of acratieed BBL. CD spectroscopy
measurements with different salts NaCl, CsCl ardl harying in the size of their
cation, showed sigmoidal thermal unfolding curvEsese experiments are similar in
spirit to double-perturbation experimetits but a kosmotrope stabilizes the protein
wherease a chaotrope unfolds it. Refolding in thes@nce of salt takes place less

cooperatively than the already broad thermal tteomsof BBL at neutral pH. Charge-
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screening of electrostatic repulsions and solvened strengthening of the
hydrophobic effect in the presence of salt (duestbvent sequestration and ion
exclusion from the protein’s surface), are suffitieo stabilize the protein and refold
it, but cannot replace the favourable (or relativielss unfavourable) electrostatics
present at neutral pH. The thermal transitionsshetrper with salt concentration as
structure is initially formed at low concentratiand then rolls over at higher
concentration to higher broadness, corroboratimgpitevious conclusions. Thermal
melting temperatures increase with increasing adopdf structure, and the rank-
order of salts in their ability to increadg, varies inversely with their respective
solubilities (NaCl<CsCI<LIiCl in increasing order sblubility), confirming the role
of stabilization and alteration of folding coopérdy by solvent-driven effects.
Refolded BBL is native-like and is notmalten-globule as seen from CD and
NMR 1D and HSQC spectroscopy. Further, nanosecdRd THump kinetics
experiments yield the striking result that irregpexof the degree of protonation of
the protein (controlled by pH) the protein foldsttwthe same relaxation rate at all
temperatures. This is exactly what is expected adwnhill folding protein, since for
a barrier-limited scenario lower pH’s with lowerlding energy barriers should
significantly speed up folding relaxation ratesu$hthe degree of protonation or the
pH does not change the mechanism of BBL folding, gownhill folding is a global
property of BBL. These experiments again rule betpossibility of the existence of
the molten globule, since similar speed-ups ofrdtaxation rates would be expected
with decreasing pH’s where the barrier betweerstigposed ‘unfolded state’ and the

‘A state’ would progressively decrease.
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In summary, the unfolded ensemble of BBk a diverse phase phase diagram
as indicated in Figure 4.31, with a slew of varyireggponses to thermodynamic
variability, such as change in pH, chaotrope cotraéon, kosmotrope concentration
and finally temperature. Temperature changes cafuce chain compaction,
chaotropes chain expansion, and kosmotropes cloanpaction and even refolding.
Results from the experiments on this system confiha role of electrostatic

interactions in producing folding cooperativity.

Unfolded

—— ssaupdedwo))

Native

Nativeness —————p

Figure 4.31 Phase diagram for properties of the unfoldecestabdulated by a
combination of temperature, pH and added salt. iGegeows indicate refolding,
and red arrows indicate thermal melting or hydrdptcollapse.
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Chapter 5. Polymeric Properties of Random versus
Natural Sequences

51 Introduction

Protein sequences are polymers natusalgcted by evolution in geological
time-scales that perform a vast array of biologfcactions such as molecular and
electronic transport, catalysis, maintenance ofcttiral integrity, cellular response to
antagonists, cell adhesion, signaling reactiongndustasis and macromolecular
processing such as replication and translationy Tdld in biologically relevant time-
scales of the order of a few a seconds. Stablesipstare energetically biased
towards the native state in physiological condgidiry the presence of moderate to
high energy barriers (0)**. The absence of folding barriétsnd the presence of
natively unfolded proteins is also posited to hgaal for several cellular functioA%
The central quest in the folding field has beemunderstand the physico-chemical
mechanism behind such rapid folding to stable &ires, and to predict protein
structure from sequence. De novo designed polygeptihat fold to stable structures
represent a step in this directtéh Designed polypeptides have also been pushed into
the limit of fast folding in the order of ~Oi&, as in the case of a mutated version of
the A repressdr. However, a central question to the field of piotdesign and
reconfiguration dynamics concerns the nature offtiiéing energy landscape of a
random polypeptide. Theoretical predictions onfthéing of random heteropolymers
predict that this energy landscape should be routihseveral crests and troughs that

represent traps on the gradient towards the potigep search for its compact free
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energy minimum The existence of roughness and the absence diitieviary
selected minimally frustrated paths towards the rggneminimum could be
characterized by the onset of the glass-transjpizaise where the roughness on the
landscape would severely restrict chain motion slod/ down its dynamics. Such a
phase would yield stretched exponential decayshaincreconfiguration, and super-
Arrhenius temperature dependence or rates. Thisilustrated in the case of a
designed polypeptide FSS-1¥smarked by the switch in dynamics from fast folding
to glassy in the regime of biological temperatuiidss was brought about by change
in a single residue into a non-natural amino a€itus minor alterations in protein
sequence can have profound effects on its searciisfglobal energetic minimum
and on the speed at which it does so.

This chapter focuses on the descriptiba fundamental property of proteins-
hydrophobic collapse- and the effect that speahain sequence can have on size
and reconfiguration dynamics. Hydrophobic collapseerges as the response of a
protein to decrease in denaturant stress and tket asf native-like conditions.
However the interplay between collapse and secgrataucture formation is difficult
to discern in the presence of denaturght$® Does specific collapse in natural
proteins impede or aid secondary structure formatoo vice versa? To discern this
effect, collapse can be studied in a protein wilendency to form folded structures.
This can be achieved by studying the effect of eage on collapse states and rates
of a random heteropolymer. To this end, a randothizsion of the protein BBL
(termed Ran-BBL), was designed to have the sameeseg composition as BBL,

but a completely random sequence connectivity, with propensity to form
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secondary structure (g. v.). This system offersesdvexciting prospects relating to
the study of folding dynamics and response to tlbelymamic conditions such as
temperature and cosolvent. Firstly, polymer physiesas suggest that collapse in
random heteropolymers should be a self-averagedtitumof sequence content. This
is to say that the ratio of hydrophilic-hydropholaimino acids should determine a
random heteropolymer’s properties. However, canueece-specific effects be
expected for such a polymer, i.e. would Ran-BBLa@ and collapse to the same
degree and size as unfolded BBL, in response tpdeature change? Would there be
a difference in the dependence of collapse ratdéstemperature when comparing the
two? Would chain interactions with added cosolvesush as urea or GdmCI be
different between the two proteins, as judged lgydbsolvent-dependent expansion
and collapse? Would variations in the charged sthRan-BBL affect its degree and
rate of collapse, due to changes in electrostataractions? If the collapsed degrees
and rates of BBL and Ran-BBL are the same, it waldear that although sequences
which are naturally designed to fold may adopt citme depending on specific
conditions (change in pH in case of BBL, for e.4ydrophobic collapse is mainly
controlled by self-averaging interactions.

Ran-BBL's sequence was obtained in tléowing manner. The Random
Sequence Generator on the ExXPASY Proteomics Seivére Swiss Institute of
Bioinformatics was used to generate several (15fa@ylom sequences with the
composition of BBL. The secondary structure formipgopensities of these
sequences were determined by the secondary seugbuediction program

AGADIR'®1™ and one with the least propensity was chosen. S&me pair of
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extrinsic fluorescent labels as Naf-BBL-Dan was@tied to the N and C-terminii of
the peptide, produced by solid-state synthesisiliBgum bulk FRET experiments
were performed in the presence of GdAmCI and urdla varying temperature and at
pH 3.0 and 7.0, to measure changes in the endetaistance of the peptide. DLS
experiments were performed to comp&geof Naf-BBL and Ran-BBL at various

temperatures.

5.2  Equilibrium Expansion and Collapse of RarBBL

Ran-BBL is characterized by the complbsence of structure in the entire
span of pH’'s from 3.0 to 7.0 (deduced by CD measeargs, results not shown).
Therefore, the effect of pH on chain collapse axphasion can also be tested in this
system. FRET efficiencies measured at pH 7.0 and 3B at increasing
concentrations of GAMCI and urea are plotted imféip.1 A and B, and Figures 5.2
A and B, respectively. At pH 7.0 GdmCI brings abaytronounced decrease in the
FRET efficiency, which decays to ~10% at 5 M and.28 K. FRET efficiency
decrease in the presence of urea takes placeotoea extent, with almost 15% FRET
at 7 M urea and 283.16 K.

The FRET efficiency is further reducedpdd 3.0 (Figures 5.2 A and B). A
part of this reduction is due to the lowRyof the FRET pair at pH 3.0 (2.50 nm at pH
7.0 versus 1.85 nm at pH 3.0). GdmCI concentrataiesve 3 M have negligible
FRET. FRET efficiencies are outside the dynamicgeaof the FRET pair, and

accurate estimation of end-to-end distance ever0.26 M GdmCl and low
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temperatures cannot be made. Similar to the obsanvat pH 7.0, urea has a far

weaker effect on chain size, with significant réi@mof FRET up to a concentration
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Figure 5.1 Chain expansion and collapse in Ran-BBL at pH &)0Bulk FRET

efficiency variation with GdmCI. Colours go from uel to red indicating
temperatures from 283.16 K to 368.16 K. B) Bulk AR&ficiency variation with
urea. Same colour scheme as A.
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Figure 5.z Chain expansion and collapse in Ran-BBL at pH 8)0Bulk FRET
efficiency variation with GdmCI. Colours go from uel to red indicating
temperatures from 283.16 K to 368.16 K. B) Bulk AHR&ficiency variation with
urea. Colours go from blue to purple indicating pematures from 283.16 K to
333.16 K.

of 7 M. Hydrophobic collapse with increasing tengiare is observed in all

conditions. However, at pH 3.0 it is not possildedetermine end-to-end distance at
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low temperatures and high GdmCI, due to a muchoedl®, at pH 3.0 (1.85 nm
compared to 2.5 nm at pH 7.0, (Figure 5.2 A). Tdfiect is seen upwards of 4 M
urea at low temperatures. The temperature rang&R&T measurement at pH 3.0 in
the presence of urea was limited by the carboxyayhation of the C-terminus

resulting in large apparent FRET efficiencies atferatures >333 K.
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Figure 5.2 Ry of Ran-BBL at pH 7.0 calculated by the Gaussiaairchssumption
afterRy correction.
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Figure 5.4 Hydrophobic collapse of Ran-BBL at the two pHrs buffer and
limiting chemical concentration. A) Blue and redctgs areRy,’s at 0 M and 5 M
GdmCI at pH 7.0, respectively. Red triangles B§e at 7 M urea at pH 7.0. B)
Blue and red circles afgy's at 0 M and 3 M GdmCl at pH 3.0, respectivelydRe
triangles areRy's at 9 M urea at pH 3.0. The shaded region reptese upper
limit of dynamic range for distance measurementhef FRET pair at pH 3.0, at
~10% FRET.
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Ry calculated by the Gaussian chain assumption ®pth 7.0 data-set, after
accounting foR, changes, show that at 368.16 K the chain is ~8msize Ry) in
the absence of denaturant. The introduction of Gdex@@ands the chain to a size of
~1.5 nm at 5 M GdmCI at 368.16 K. At 283.16 K, #gansion plateaus at 1 M
GdmCl indicating the limit of expansion of the amait 2.5 nm. Urea on the other
hand brings about a net expansion by ~0.5 niRyiat 7 M. This relative expansion
decreases with increasing temperature (Figure %.4R&adii of gyration calculated for
the pH 3.0 condition shows dramatic expansion efdhain size and at a moderate
concentration of 3 M, the dynamic range of the FREIr is lost (Figure 5.4 B).
However, at 333.16 K, an expansion can still beatised in the case of urea (red
triangles). On an average Ran-BBL is far more $®&esio chaotropes than BBL. The

congruent observations for BBL are plotted in Fegu$.5 A, B and C.
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Figure 5.5 Response of BBL to chaotrope addition and tempezatA)
Expansion of acid-denatured BBL with GdmCI at p#, 3vith colours from blue
to red indicate temperatures from 273.16 K to 38 K1B) Same as A, but in the
presence of urea, up to a temperature of 333.16rkhie red circles. C) Blue
circles areRy's in the absence of chemical, red circles in 7 BIM&l and red
triangles in 9 M urea

At 283.16 (10 K higher than the lowesiperature for measurements on
BBL), Ran-BBL reaches its maximal expansion of @b with the addition of just

0.25 M GdmCI, whereas even 7 M GdmCI does not bahgut this saturation in
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BBL (Figures 5.3 A and 5.5 A). Ran-BBL is also masgdly more sensitive to urea
than BBL. Any given concentration of urea doescatse an expansion of more than
0.2 nm in BBL (Figure 5.5 C). In case of Ran-BBhistlimit of 0.2 nm expansion is
reached only at the highest temperature probed,368.16 K. Thus, while the
interaction of urea with BBL over the entire tengiare range is constant, in case of
Ran-BBL, the interaction becomes stronger resulingarginally higher expansion
by 0.5 nm at low temperature. It would thus apptat the strength of the peptide-

urea interaction has a stronger temperature depeade Ran-BBL than in BBL.

1.8

280 300 320 340 360
Temperature (K)

Figure 5.€ Hydrophobic collapse measured by DLS. Circleslicate
hydrodynamic radii from DLS measurements. Blue adicircles are BBL at pH
3.0 and Ran-BBL at pH 3.0, respectively. Lines espnt estimates from bulk
FRET measurements. Blue, red and green lines ate@BH 3.0, Ran-BBL at
pH 3.0 and Ran-BBL at pH 7.0, respectively.

Radii of gyration estimated from FRET awerements, and hydrodynamic
radii measured by DLS for Ran-BBL and BBL at pH 3Fgure 5.6) show good
agreement. Finally, the degrees of collapse arepaoed of in Figure 5.6 witlR,

from FRET measurements plotted as lines. Quite meabdy, the radii of gyration of
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both BBL at pH 3.0 and Ran-BBL at pH 7.0 decaydientical values at high degrees
of collapse (blue and green lines in Figure 5.6)eréfore, hydrophobic collapse by
sequestration of protein residues from the sohapypears to be a self-averaging
property in the case of BBL and Ran-BBL, and dependly on the sequence
composition. At low temperatures, however, Ran-B8lmore open than BBL. CD
spectra show that BBL retains residual structur@rat3.0. This could explain the
higher compaction observed for BBL at low tempeegu With increasing
temperature, as this structure melts, the chairerena self-averaging regime.
Hydrophobic collapse is therefore, governed byrtiative hydrophilic-hydrophobic
content of the chain, rather than by sequence fspeffiects.

Ran-BBL at pH 3.0 is slightly more exdad than at pH 7.0 possibly due to
electrostatic repulsions owing to a net charge &b-on the chain at pH 3.0. If a
higher temperature regime were accessible, it ssipte that Ran-BBL at pH 3.0
would collapse to the same size as BBL and Ran-BBLpH 7.0. Thus, the
hydrophobic effect, governed by temperature, andutation of the net interactions
of the protein with the solvent, is strong enoughotvercome the high positive

electrostatic potential on the chain, and chargedilsions.

5.3 Conclusions

Ran-BBL, a 40-residue polypeptide wittaadomized sequence, and the same
sequence composition as BBL, experiences chainmsiggaand collapse in much the
same way as a natural sequence, in response tacathe®naturants and temperature

increase. Thus, specific clustering of hydrophgpaups on the chain, do not seem to
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be essential for causing a global collapse in tnc Ran-BBL at pH 7.0 is more
expanded than BBL at low temperature in the abseho®solvent. However, Ran-
BBL collapses to an identicaR, at high temperatures as BBL, indicating that
hydrophobic collapse is controlled only by the emtof a sequence. The relative
ratio between hydrophilic and hydrophobic contahgrefore modulates the net
polymer-solvent interaction. Ran-BBL is more expashat pH 3.0 than at pH 7.0 due
to ~8.5 units of positive charge (~6 units higheart at pH 7.0). It is tempting to
hypothesize that Ran-BBL at pH 3.0 may well colaps the sam&, as its low-
charge counterpart and BBL, if a higher temperategeme were accessible.

The stage is therefore set for measuttvegrates of hydrophobic collapse of
Ran-BBL in different scenarios. This is work in gress. The dynamics of chain
reconfiguration during collapse can be measuredulisafast laser techniques
following T-jumps to identical temperature and dentical degrees of chain collapse
(equivalent scenarios on at T>~330 K). Furthermdhere exists the interesting
possibility of deducing the effect of charge oninheollapse rates. We know now
that a higher positive charge on the chain causeB®Bi to be further expanded.
Would this electrostatic repulsion impede the dyianof collapse as well? This
could be determined after correcting for the dédfezes in collapse rates due to
different average sizes of the polymer based oningls scaling law. These
experiments will further elucidate the subtle banbetween non-covalent
interactions that leads to native structure andilgha Finally the generality of these

results will be tested by similar experiments dmeotrandom sequences.
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Chapter 6. Future Perspectives

The equilibrium effects of chaotropessiotropes, temperature and pH on an
unfolded protein were discerned by studies on deightured BBL. Kinetics
measurements, where the dynamics of hydrophobi@aps® in the presence of
chaotropes and kosmotropes can be studied by Tagenp experiments with FRET
as the experimental reporter. Protein chains wiahnbl cosolvents, or with strong
interactions with the solution, could collapse stowhan in the absence of such
interactions. Such a slow-down of collapse ratelsoisnd to occur due to increased
viscosities of solutions with added cosolvents. idogr, apart from this trivial effect,
interactions of the chain with bound molecules dodramatically decrease its
effective diffusion coefficient. Hydrophobic collsg in Ran-BBL can be studied in a
varied range of thermodynamic conditions with plmperature, chaotrope and
kosmotrope concentration as the variables. Thisldvallow a detailed estimation of
unfolded protein chain’s properties in the abseotéolding events. Such studies
would provide experimental benchmarks that woulg@riowe theoretical simulations
of the folding of polypeptides. Another area ofeamsh that has seen tremendous
advances on the theoretical side is the study lfifig events in conditions that
mimic cellular milieu, such as the presence of m@iecular crowding agents or
proteins in confined spaces. Studies on the fundtahateractions of a protein with

its environment are thus critical for quantitativehderstanding these processes.
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