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CHAPTER 1

Introduction

1.1. Overview

The complexity of protein structure is a fundamental problem. The difficulty arises from a
variety of interactions not only between the protein atoms, but also between those of the
protein and the solvent. Although it is the aqueous environment which is relevant in vivo, a
key approach to understand structure, conformation, and dynamics of proteins is to examine
the influence of mixed solvents where the nonaqueous component could be a solid or another
solvent. This is effectively a ternary system comprising water, protein, and the added solvent.
The physical properties and the structure of the protein are then examined by varying the
mole fraction of the solvent. The idea is to find out how the added solvent affects structure
and conformation by either directly interacting with the protein or interfacing with water or
both. Some inconclusive studies of proteins in binary solvent system including alcohol-water,

SDS-water, and glycerol-water have been reported.

Among these three, the alcohol-water system with the added protein has been one of
the most attractive topic for the last 60 years.***Although Monohydric alcohols are not
considered classic denaturants in contrast to well-known denaturants like urea and
compounds containing guanidinium,* they have been found to have mixed denaturing and
stabilising effects on protein structure. Alcohols including the fluorinated ones are known to
act by perturbing the tertiary structure and enhancing the helical structure.>®® These two
kinds of effect may lead to the formation of partially folded intermediate states.*>*? But recent
study reveals that the hydrophobic interaction is also one of the factors that perturb protein

structure even at pH 13.%2

1.2. Ternary to binary system

There are numerous studies of solvent-protein®™° interaction, but very few have highlighted
the solvent-water interaction (or better described as co-solvent interaction). Alongside the

primary focus on the ternary system, there is an overlooked facet involving alcohol and water



chemistry. It is important to recognize that the influence on the structure, folding, and
dynamics of proteins is not solely attributed to the solvent itself, but rather to the combined
effect of the solvent and water in the ternary mixture of water, alcohol, and protein. Chapter 2
of this thesis emphasizes on the physical aspects of water and alcohol, their unique
characteristics such as simple chemical structures, hydrophobic properties with chain length,
and high solubility of alcohol in water. Notably, alcohols are widely used as solutes in

studying hydrophobic effects due to their well-established properties.**

1.2.1. Thermodynamics aspects and molecular origin of aggregation (or clustering) of

alcohol in water

Alcohols are used widely as solvent to study the protein stability due to its hydrophobic
nature. Aggregation of alcohol process involves the mixing of alcohol and water. For an ideal
solution of binary mixture of liquids A and B consisting of nyand ng moles respectively, the

chemical potential u; of each component can be given as
1 = u + RTInx; (i)
where ﬂ? is the chemical potential of the species A and B at its pure state. Equation 1 also

possess the Raoult’s law given by

pi =D XX (i)

Wherep;and p? are the partial pressure of i"™ species.

Now the Gibbs free energy of the solution before mixing is given as
G; = napg + nppp (iii)

After the mixing, the chemical potential of each component can be designated as x,. So the

total Gibbs free energy becomes

G = na(u} + RTInx,) + np(up + RTInxg). (iv)



Gibbs energy of mixing can now be obtained by subtracting equation (iii) from the equation

(iv), obtained as

AnixG=nRT(x4lnx, + xglnxg) (V)

where n=total numbers of moles =n, + ng
The ideal entropy of mixing is given as

AiS= — nR(x4lnx, + xglnxg), (vi)

because 4, H=Ai, G+T4,,:,S=0 for an ideal mixing i.e. the enthalpy of mixing is zero for

the ideal mixing.

The change in volume of ideal mixing also equals zero, so that

bt = (2329, i

Because 4,,;, G is independent of pressure, the derivative with respect to pressure would be

Zero.

The above changes in thermodynamic parameters AG,,,;,and AS,,;.are negative and
positive respectively whereas AH,,,;,, and AV,,;, are zero for this case which obeys ideal law
in which the interactions between A-A, B-B and A-B are equal while mixing between two
liquid A and B otherwise leads to deviation from ideality. But in the world of solution
chemistry this doesn’t occur due to the interaction between A and B. As a consequence the
solution shows non-ideal behaviour. In the non-ideal case AH,,;, and AV,;, have define

values, indicating intra and intermolecular association.

This can be attributed due to not only the changing in volume and enthalpy but also
the some other contributions also there which add to the entropy. The other contributions may
arise due to the interactions between the molecules of two liquids which may indicate some
association or aggregation of the molecules of the same kind or the association between

different kinds of molecules like below.'* ¢

R(H,0),_, + H,0 — R(H,0), (viii)



where R denotesalcohol.

This aggregation leads to nonlinearity or anomalies in physicochemical properties of alcohol-
water solution like viscosity, density and refractive index of the aqueous solution of lower

aliphatic alcohols."

1.2.2. Structural features of alcohol-water clusters

In the case of alcohol and water mixture, the alcohol molecule being amphiphilic having both
hydrophilic and hydrophobic groups can have opposing effects on water. Strong H-bonds can
form between the hydrophilic groups and water, but the hydrophobic groups may cause
cooperative ordering in the system through hydrophobic hydration effects.'® These two
factors in their binary mixtures combine together reforming the large H-bond network of
water which makes the system behave non-ideally. Such dual roles generally referred to as
the "Janus effect” after the name of the Greek god Janus, who has two faces: one facing
forward and the other in the opposite direction.®As a result of such opposing effect the
formation of self-organized solute takes place in the system. Hydrophobic assemblies can
also drastically alter the system's characteristics.?’The fluctuations in local composition is

also play a key role for non-ideal behavior of binary mixtures.?*

It is proposed that the nonpolar groups of alcohol molecules, which form the first
hydration shell and have strong H-bonds, enhance the low entropy water-caging anddevelops
an open water network structure(as in ice or in low temperature water).The solute then enters
the open network structure of bulk water, resulting in a decrease in the overall volume
needed. This is known as “iceberg model” which is supported by several studies.?®Solutions
of the primary aliphatic alcohols have been studied engaging a number of techniques
including self-diffusion coefficient?®, molecular dynamic (MD) simulations,?* dynamic light
scattering (DLS),? infrared spectroscopy (IR),? dielectric relaxation,?’and viscosity.”® Self
diffusion coefficient which is a measure of translational motion of molecules can provide
useful information like molecular size and intermolecular interactions useful to study the
structural changes in solutions. Along with NMR relaxation measurements,”® the chemical

shift measurements™ also is a good probe to monitor the changes at molecular level.



1.3. Effect of 2,2,2-trifluoroethanol (TFE) on protein

1.3.1. Some general aspects

TFE has marked effect on proteins and peptides due to its special physicochemical and
structural properties. Protein-solvent interaction is a fascinating phenomenon; how a solvent
affects protein structure and provides elementary conditions to reconstruct and reorganize the
secondary structure of the protein is little understood. Various polar and apolar solvents
interact differently with proteins depending on the net positive charge on them and the extent
of van der Waal interactions. TFE is one among them that can be used as a denaturant for

protein folding studies. Several models of proteins with TFE have been studied till now.

1.3.2. Effect of TFE on protein

Depending on structure and compactness, proteins can be globular or intrinsically disordered
(ID). The salient features of globular proteins being soluble in water and having well defined
(or organised) 3D structure. Electron-transfer proteins, oxygen transporter and storage
proteins, and native functional enzymes all are the examples of ordered globular proteins. On
the other hand, an amino acid sequence comprising polypeptide segments that have the ability
to collapse but not fold into a specific compact structure results in an ensemble of conformers
with unstructured or disordered sections. Proteins having such structural disorder are known
as intrinsically disordered proteins (IDPs), as these disordered sections are inherent or

intrinsic and clearly result from the mix of amino acids that can unfold.

Major portion of this thesis contains a detailed investigation of protein structure and
conformation in water-TFE system. TFE has been used in two mutually exclusive ways; one,
to denature proteins, and two, to stabilize structures in peptides.®*Usually TFE is used to
enhance the helicity of peptides®. There are two opposing theories about how TFE and
peptides interact, according to which TFE either directly interacts with folded peptide

33-36

chains®® or affects the stability of the peptide's unstructured form.*’

The general principle of TFE-induced changes in proteins can be described by three
reasons. Firstly, it alters the H-bonding by interacting with the H-bonds between the carbonyl
and amide groups. Secondly, it can penetrate into the interior of the hydrophobic core and
interact with hydrophobic groups belonging to the protein. Thirdly, it affects the solvent

structure through hydrophobic interactions, employing its —CF3 group. It is this characteristic



that sets it apart from other aliphatic alcohols. This general theme of TFE-protein interaction
can be attributed to the physical properties of TFE.*® TFE acts as a better proton donor than

water but a poor acceptor.**The structure of TFE is given below.

F !
. St H
Hydrophobic F 5
F§ O—H «— Good Donor
Poor Acceptor

Figure 1. TFE molecule with the three distinct sections with the given qualities. Here, donor

and acceptor capacity is compared with water.

It is proposed that TFE specifically binds to carbonyl oxygen group (which can take
upto two H-bonds) to increase the strength of intrachain H-bond, because TFE is a better H-
bond donor as compared to water.**® Due to the fact that TFE is nine times larger than water
in size, this interaction causes water molecules to be expelled from the mainchain, reducing
the exposure of the amide group to solvent, resulting in development of intra-chain hydrogen
boundaries. Another recent study has shown that the non-native helix induction and amyloid

formation can be due to the alteration in the dielectric constant value.*

1.3.3. Effect of TFE on Globular protein

Many studies have been done on the structure, dynamics, and folding pathway of hen
lysozyme (lys), which consists of 129 residues.***? Lys contains two types of helical
structure—a. and 33 along with an antiparallel B-sheet.”* TFE turns the native state of
lysozyme to a partially unfolded one.* The 2D and 3D NMR study at 70% TFE revealed the
presence of all native a helices more than their native limits. Moreover the c-terminal of 3;9
helix and the c-terminal area of B-sheet is transformed to helical structure. It is held that TFE

mainly perturb the tertiary structure and enhances the secondary.*

Beta-lactoglobulin (B-LG) having 162 amino acids has one a-helix and 9 B-sheet
strands.* Usually TFE action on B-LG has been a — B transition in a cooperative

manner.****To understand the underlying molecular mechanism of this cooperative



transition, magnetic relaxation dispersion (MRD) of *°F was used to study TFE and ?H and
70 resonance were used to study the hydration. MRD data clarifies that B-LG maintained its
native structure even at 16% TFE, but 30% TFE transformed it to a non-native structure

which is mainly caused by the penetration of TFE into the interior of B-LG.*°

1.3.4. Atpp16-1, an IDP

Arabidopsis thaliana phloem protein 16-1 (AtPP16-1) whose NMR solution structure was
solved in this laboratory,™ consists of several disordered regions among which the longest

one is the stretch of residues 10-55 that connects strands £ | and gll(Figure 2).

Figure 2. Ribbon diagram of AtPP16-1 showing many disordered regions.

1.3.5. Effect of TFE on intrinsically disordered protein

In recent years IDPs have drawn the interest for their ability of playing a key role in essential
cellular processes such as regulation of transcription and translation and assembly of
protein.”>*When an IDP MeCP2 (Methyl CpG binding protein 2) is treated with TFE the
result may be similar to that of globular proteins.>® MeCP2 is a 53-kDa nuclear protein that
gets its name from its capacity to recognise methylated DNA with specificity.*The
unstructured residue of C-terminal and N-terminal domain of MeCP2 is converted to a-helix
at 70% TFE. Prosystemin, a tomato prohormone is another example of IDP which consists of
200 amino acids. Experiments reveal that this protein, despite having significant residual
secondary structure, lacks a compact fold and a hydrophobic packed core. CD spectra Also

indicates a little increase in a-helical structure in the range between 5 and 15% TFE whereas



20-30% TFE region reflects the highest disorder-to-order transition.>” The above study

clarifies that TFE also works as helix inducer like in globular protein and makes the system

more ordered as compared to the native state of the disordered protein.
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Chapter 2

Aggregation and diffusive dynamics of some monohydric

aliphatic alcohols

Abstract

Self-diffusion dynamics and component associations have been studied for the aqueous
solutinos of five monohydric aliphatic alcohols namely, methanol, ethanol, isopropanol,
tertiary butanol, and 2,2,2-trifluoroethanol (TFE) by NMR, infrared, and light scattering
measurements. Water localization around alcohol cores under water-abundant conditions, and
large-scale hydrophobic self-association of alcohols under water-depleting situations describe
the two main classes of alcohol associates. Although the results cannot reveal the number
density of the components in the associate structures, hydrophobicity dependence of their
appearance across the mole fraction scale is clearly noticeable. The mole fraction at which
water-hydrated alcohol cores appear is smallest for TFE, indicating significantly large
hydrophobicity of the trifluorocarbon group. Activation energy of self-diffusion of aggregates
of an alcohol decreases with its mole fraction, suggesting increasing volume fluctuation with

the largeness of the aggregates.

2.1. Introduction

Physical properties of both aqueous and organic solvents are almost exclusively determined
by their molecular structure. Alcohol solvents, methanol for example, are thought to exist in

rolled polymeric chains® or cyclic aggregates, which that are less polar compared to the
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polarity of the monomers because of hydrogen-bonding between the formative monomers
that polarizes the hydroxyl group, resulting in increased affinity for other monomers.” The
hydrogen-bonded chain structures, typical of solid states,® should be more stable with longer
lifetime. Although this is a useful picture of neat alcohol used often in synthetic organic
chemistry, a large majority of utilities of alcohol requires their aqueous solutions in the form
of the binary mixture water:alcohol. This is the genesis of the difficult problem of structural
and physical properties of alcohols where water, another liquid of intricately H-bonded
molecules, variedly interfers with the properties of the former. The complexity of the
water:alcohol system*™® partly arises from mutual interference with the properties of the
component solvents so as to produce structural properties quite different from their neat
forms. In the mixed system, alcohol may enhance the water structure at the expense of losing
its hydrogen bonding with the latter. In a more physical sense, the molecules of the two
components move in each other’s force field to not only localize dense forms of water around
the solute,” but also influence each other’s associations coefficients by perturbing the
respective chemical potentials. The degree of divergence of structural, physical, and
thermodynamic properties of the component solvents will obviously depend on their mole
fractions. The problem has been known from the initial report of Frank and Evans’ and
numerous studies of aqueous solutions of methanol, ethanol, iso-propanol and tert-butanol

10,11

using neutron scattering,® Rayleigh scattering,’ dielectric relaxation, diffusion

12,13 14-16 17,18

measurements, neutron and X-ray diffraction, thermodynamic measurements, and
molecular dynamics simulation,*®**?® have also been reported since then, but uncertainties

and controversies about the solution structure of alcohols continue to shroud.

The disinfecting and water-miscibility properties of alcohols have also inspired a
large number of nucleic acid and protein denaturation studies since 1956.%~*°> The reports,

however, state the alcohol action on proteins differently. We must also realize that workers
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using the water:protein (nucleic acid):alcohol system to study denaturation have been aware
of the thermodynamic and structural problems with the components in the alcohol:water
binary system. To be able to relay the properties of the solvent components to the protein
system held at a constant molarity, it is necessary to understand the changing properties of the
former as their mole fractions are modulated. A better understanding of the properties of
aqueous solutions of alcohols will not only enhance the basic understanding of solution
chemistry but also provide approaches to explain the mechanism by which they denature
protein and nucleic acids. The latter was indicated to some detail by Timasheff and
coworkers in several of their studies with water:protein:glycerol system.***° Although
glycerol is not similar to monohydric alcohols, and hence may act by a different mechanism
to denature or stabilize proteins, the importance of preferential solvent exclusion from the
protein surface has been amply discussed. To this end, we thought a prerequisite to the study
of alcohol denaturation is an analysis of self-association and dynamics of the commonly used

alkyl alcohols in their aqueous mixtures.

2.2. Experimental Section

Alcohols used were purchased from different chemical companies; HPLC-grade MeOH from
Sigma-Aldrich, laboratory grade absolute ethanol from ChangshuHongsheng Fine Chemicals,
iso-propyl alcohol (99.7% GC-assayed) from Fisher Scientific, t-butyl alcohol (99.9% GC-
assayed) from Qualigens, and TFE (99.5% assay) from Spectrochem lab. They were used as
supplied without further processing. Binary water:alcohol solutions (v/v) were prepared by
adding volumes of alcohol to deionized water. Experiments in general were performed at 298

K if not indicated otherwise.
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All NMR spectra were taken with samples containing 5% D,O in a 5 mm room
temperature probe of a 500 MHz Ascend spectrometer. Diffusion experiments (PFG NMR)
needed z-gradient in the 2-50 Gauss cm™ range. Spectra were processed and analyzed using
Topspin, offline graphing softwares, and codes written for the purpose. Infrared
measurements were carried out using an attenuated total reflection infrared (ATR-IR)
spectrometer (Nicolet iS5). About 70 uL of the water:alcohol mixture was deposited on the
ATR plate for spectral measurement. The scan of the dry ATR plate served for the
background spectrum. Steady-state light scattering measurements were done using a
fluorometer (FP-8300, Jasco) by setting both excitation and emission wavelengths to 350 nm.
Each data point is an average of 24 steady-state scattered intensities accumulated in a 2 min

time bin.

2.3. Results and Discussion

2.3.1. Diffusion of alcohol associates in water:alcohol mixture.

Although miscibility (solubility) of shorter alkyl-chain alcohols in water is more than that of
longer ones due to reduced apolar surface area of the former, all amphiphilic alcohols
associate to varying degrees to produce respective aggregates. These aggregates should be
microheterogeneous because not only the extent of self-association at a given alcohol
concentration is not restricted to a fixed number, but also the aggregates can interact
disparately with water molecules. To a first approximation, the results of simple light
scattering experiments (Figure 1) report on the existence of aggregates in water:alcohol
mixtures. Since bulk water does not aggregate and therefore does not scatter light, one can

surmise that the scattering species are alcohol aggregates whose monomers may plausibly
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establish hydrogen bonds with water contingent upon the availability of the latter. Inspection
of the data immediately reveals that the alcohol mole fraction (y,) corresponding to the
appearance of the largest ensemble average size decreases in the order MeOH, EtOH, TBA,
TFE (~0.11, 0.08, 0.07, 0.05, respectively), suggesting that the tendency to aggregate
increases with hydrophobicity of the aliphatic chain. Note that the —CF3 group is largely
hydrophobic than the terminal —CHj3; group of alcohols. Since the average size of the
aggregates decreases at highery,but continues to remain somewhat larger, it is likely that the
water association with the alcohol aggregates or the number density of alcohol molecules in

them or both are changed.

— ) 1.0 Figure 1. Scattering
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the same temperature overnight.

The degree of association is determined to a fairly large accuracy by NMR-monitored
diffusion coefficient (D;) that directly measures the average aggregate size and its interaction
with the bulk water. Figure 2 shows the variation of(D,) with mole fraction y, of the

respective alcohols. For all five alcohols, the diffusion rates of water and alcohol, denoted by
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(Dy),, and (D), respectively, decrease nonlinearly with y, to reach broad minima in the

0.17-0.4 range of y,. The shallow minimum at y,~0.2 has also been observed in the

(Dyavsy, graphs for EtOH, IPA, and TBA reported earlier.>’*Passing the respective

minima both (D,),, and (D), increase to register diffusions approaching that of neat alcohols.

While this feature can be clearly made out by inspection of the data for MeOH, the response

of both (D;),, and (D) to x, increasingly flattens out for EtOH, IPA, and TBA.

<Dy > (x10% cm?s™

Figure 2.Diffusion coefficients of the indicated alcohols and
water at 298 K as a function of respective ya at 298 K. The
resonances assigned to the —CHj3; group of MeOH, EtOH,
IPA, and TBA, and the —CH,— group of TFE were used to
calculate the respective diffusion coefficients. The dashed
lines through data are drawn to guide to guide the eye,
although the data for MeOH, EtOH, and IPA can be
approximated by a skewed hyperbola. The labels w and A
refer to water and alcohol, respectively.

This result, consistent with earlier experimental observations
with MeOH, EtOH, and TBA,** seems to indicate that the

flatness of diffusion of alcohol and alcohol-water associates

in binary solutions of higher y, is related to the hydrocarbon content of the aliphatic chain.

But the invariance of both (D;),, and (D), with y, is also observed for TFE (Figure 2),

which is already known to aggregate,’**>*°has only a two-carbon alkyl chain similar to

ethanol. Trifluoroethanol is however more hydrophobic than ethanol through the former’s
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57,59

—CF; content, indicating that hydrophobicity can account for the y, dependence of the

coefficients of alcohol association in the binary mixture (see below).

2.3.2. Hydrophobic Hydration Retards Water and Alcohol Diffusion under low y,

conditions.

We notice that the gradient of self-diffusion of water (D,),, withy,resembles that of the
diffusion of (D), for all five alcohols considered here (Figure 2). The high similarity index
in the response of the two diffusion coefficients to the alcohol content mustarise from specific
interaction of water and alcohol in the clustering of the latter. It is well known that the
presence of alcohol in water affects the structure of the latter,®"® but how the uniform
pattern of variation of (D,),, and (D) under lowy,conditions becomes increasingly flat in
the order of EtOH, IPA, TBA, and TFE under high y,needs careful consideration. To begin
with the ‘alcohol in water’ (low y,) condition, a water molecule can be localized reversibly
at the —OH end of the alcohol by hydrogen bonding.?*Concurrently, the alkyl hydrogens of
the alcohol can also interact with the oxygens of water. Since alcohols have higher tendency
to self-associate at low y,,”* a hydrophobic core of two or more self-associated alcohol
molecules can be also be caged by surrounding water molecules in the form of short-lived
alcohol micelles. The water localization by alcohols should strengthen the water structure by
which several water molecules can interact to form a cage of water clathrate around the
alcohol molecules. Such clathrate hydrates containing ~20 water molecules surrounding a
MeOH,2~21 waters associated with TBA,”? and ~5 or 6 waters in the propanol and TBA
hydration clathrates'® have been reported. Existence of cages hydrating EtOH are derived
from calculations and experimental data.”>"* We assume that TFE being a water structure

maker’ also acquires a dense surrounding of water. The hydration clathrates under low y,
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conditions occupy interstitial voids of the otherwise open water network, thus reducing not
only the self-diffusion coefficient of water molecules (D,),,,*%* but also the binary diffusion
coefficient (D). One should note that increasing y will lead to utilization of larger number
of water molecules to form hydration clathrates around the alcohol molecules, depleting the

waters in the open hydrogen-bonded network.

2.3.3. Hydrophobic Self-Association of alcohols at high y 4.

The water-structuring effect of alcohol will be increasingly redundant as water is depleted
due to increasingy,. The alcohol molecules now exist in hydrophobic self-associated forms
with reduced hydrating water structure around, but with a fewer water molecules trapped.
Self-diffusion of alcohol is now related to the size of the alcohol clusters determined by the
coefficient of self-association of respective alcohols in the water:alcohol mixture. It may be
useful here to briefly recall the definition of self-association constant of the components in
the water:alcohol system. Denoting water and alcohol by 1 and 2, respectively, we represent
the liquid solute behaviour of the components by their respective excess chemical potential

that can be expressed by

u; = pi (T, P) +logy;c; i=1,2
logy, = Aj101+A12¢;
logy, = Az1c1+A2,0,, 1)

where u?(T,P) is the standard chemical potential. The component interaction
coefficients Aji, Az, Az, and Ay measure the perturbation of y of a component by
intracomponent interaction (A1, Az2) and intercomponent intreaction (Ai2, Az1), yielding the

matrix for the thermodynamic interaction coefficients is
log V1) _ (A11 A12) €1
(10g Y2 - A21 A22 (Cz). (2)
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Larger numerical value of a coefficient (m® s7) across the mole fraction scale results
from increasing association of the appropriate components. The coefficient of hydrophobic
self-association (Az2) for EtOH and TBA across the respective alcohol mole fraction scales
has been measured.>®*"* As discussed in the preceding section, the tendency to self-associate
increases rapidly as y,becomes smaller (< 0.1). But A,, remains nearly constant as the
alcohol concentration is increased to obtain the neat form. It is this constant hydrophobic self-
association accompanied by increasingly depleted water that is reflected in the flat self-
diffusion of alcohol (D), at high y, (Figure 2). The data for MeOH and EtOH, however,
show an increase in self-diffusion at high y,, meaning that neat forms of these alcohols are
likely to have lesser tendency to self-associate. Presumably, the tendency to undergo
hydrophobic self-association increases with the alkyl chain length; for example, the value of
Ay, for TBA in its water mixture is higher than that for EtOH when y,> 0.1. Similarly, higher
hydrophobicity of TFE than smaller aliphatic alcohols, EtOH for example,* that arises from
the highly apolar—CF3; group and lower electron density on the —OH group lead to weaker

hydrogen bonding ability and higher hydrophobic self-association. The self-diffusion

coefficient of TFE is therefore small and flat at highy.

2.3.4. NMR Chemical shift of alcohol methyl protons and hydrophobic self-association.
The implications above that both hydroxyl and alkyl hydrogens of alcohol can interact with
oxygens of the caging water structure at low y,, and that hydrophobic self-association of
alcohols dominates under water-depleting conditions (high y,) should be reflected in the
NMR chemical shift variation with alcohol concentration. Although there will be bulk
diamagnetic susceptibility changes to an extent because the water peak in the NMR spectrum

also shifts with y,, we assume that the susceptibility changes are not large. The
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xadependence of chemical shift of the methyl protons (86y) of alcohols (Figure 3) is
consistent with the inferences stated above. Following a brief lag (x5<0.05), 8y of the —CHj3
protons of MeOH continues to shift downfield (high-frequency shift) up to y,~0.5and then
turns to shift upfield. The initial lag in 64 means localization of water at the —OH of methanol
but the downfield shift that follows translates to deshielding of the —CHj; protons of one or
more core MeOH due to their hydrogen bonding interactions with the surrounding water
oxygens, and the upfield shift at y,>0.5implies shielding of the —CH3 protons due to

hydrophobic self-association of the methyl groups. The

same explanation holds for EtOH, IPA, and TBA with
® e o
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@
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2.3.5. IR absorption of alcohol associates.

Infrared absorption of the 3n—-6 normal modes of vibration provides information about
volume fluctuation and atom displacements giving rise to changes in the dipole strength, and
both can be related to the dynamics of alcohol association. Regions of steady-state IR spectra
recorded with normal water solution of MeOH, EtOH, IPA, and TBA are given in Figure 4.
We subtract the water absorption from each spectrum to focus on the symmetric and
antisymmetric C—H stretching, vg(C-H)and v,(C-H), respectively, of the alcohol with the
rationale that they are involved in hydrophobic self-association. Visual inspection of the
spectra already shows that the vibrational absorption increases as the alcohol concentration is

raised from 5 to 90% which is trivially due to the validity of Beer’s law in IR spectroscopy’®
A=favdv=%fln17°dv (3)

in which a,, is molar absorption coefficient at frequency v, n is the alcohol concentration in
moles L™, 1 is pathlength, and I, and I are intensities of incident and transmitted light. To
note, however, is that while the absolute absorption due to v, (CHj;) increases in the order
MeOH, EtOH, IPA, TBA, the order is reversed for the other absorption bands. We explain
this result by expressing the IR absorption in terms of the dipole derivative with respect to the

normal coordinate of the C—H"®

4=52G8), .. R

whereN, is Avogadro number, c is the velocity of light, i is the dipole moment, and
Q is the normal mode displacement with respect to the equilibrium internuclear separation
R,. Clearly, the y-methyl group (terminal CH;) is more mobile on account of the large dipole

derivative with respect to v, (CHjs), and the C—H fluctuations increase with the alkyl chain
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length of the alcohol. Conversely, v,(CH,) and v, (CH,) vibrations produce smaller dipole
derivatives, hence lower absorption with increasing number of carbons in the alcohol chain.
This interpretation of results suggests that hydrophobic self-association of alcohols

motionally restrict the a- and B-methylene groups more than the terminal y-methyl group.
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Figure 4.(a—d) IR absorption due to —CH,— and —CH3 stretching modes of the alkyl alcohols
plotted after subtracting after subtracting the absorption due to water. The increase in
absorption from 5 to 90% alcohol of each alcohol is due to the validity of Beers law. (e) Shift

in the absorption of antisymmetric stretching mode of —CHj3 toward lower frequency with %
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alcohol of MeOH (black), EtOH (red), IPA (yellow), and TBA (blue). (f) The % alcohol
dependence of IR absorption due to the antisymmetric stretching of —-CH3; of MeOH (black),
EtOH (red), IPA (yellow), and TBA (blue)., showing a break in the Beer law absorption for
each alcohol. The inset enlarges the initial linear phase. (g) The linearity of critical
association concentration (CAC) of alcohols with their molar mass.

Figure 4e shows the shift of the v,(CHs;)band maximum to lower frequency.
Generally, low-frequency shift of IR absorption reflect excitation of lesser density of normal
modes at the expense of larger root-mean-square volume (8Vgrws) fluctuation. This holds for
protein-like large molecules,”” and should also be true for alcohol associates. The ya
distribution of vibrational frequency is nonlinear (Figure 4e), apparently due to extensive
water hydrates around the alcohol core when the water level is high and larger self-
association of the alcohols under water-depleted conditions. While the number density of the
normal modes excited may decrease with increasing alcohol concentration, the predicted

large 8Vrws is experimentally verifiable (see below).

The alcohol concentration dependence of the v, (CH;) absorption is plotted in Figure
4f. The Beer law is valid for all four alcohols at low concentrations (~5—-40%, Figure 4f,
inset) as well as at high (>30%). The absorbance in these two regions is, however,
distinguished by a sharp break in the region of 25-40% alcohol, similar to the instructive
specific conductivity of micelle-forming surfactants. It is likely that packing of the alkyl
groups in the alcohol core supported by peripheral water localization on the —OH groups of
alcohols produce short-lived micelle-like species, reasoned also by an earlier study.” We call
the % alcohol corresponding to the absorbance break point critical association concentration
(CAC), which is plotted against the molar mass of the four alcohols in Figure 4g. This

clarifies that the entry into the micelle-like packing of alcohols is related to their chain
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hydrophobicity. We cannot tell at this stage as to how many alcohol molecules associate to
qualify for micelle assembly, but note that micellization is not an abrupt all-or-none process;
small premicellar hydrophobic aggregates have been observed in surfactant solutions,”®®
and are implied in the theory of concentration fluctuations in binary liquids.?> Any form of

alcohol micelles will not exist at high y, where their —OH ends are not supported due to

increasing unavailability of water.

To end this section, we provide the IR data for TFE in Figure 5. Since the absorption
bands due to v(CF;) modes (2800-3000 cm™) are buried in the wings of the water
absorption band the spectrum of water alone was consistently subtracted from the TFE:water
spectra, which resulted in some shift of the TFE band to lower frequency (Figure 5a,b). We
ignore the shift and read the absorbance values from the water-subtracted spectra with y,

(Figure 5c). Deviation of absorbance from the
0.06
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hyperbola of absorbance vsya, the maximum of which corresponds to the changeover from

hydrophobic hydration to hydrophobic self-association.

2.3.6. Activation energy of diffusion of alcohol aggregates. The assertion above that the

low-frequency shift of vibrational excitation of v, (CH;) implies large 6Vrus of the alcohol

associates led us to determine the activation energy of their diffusion. The rationale is that the

molecular volume of alcohols and their diffusion are linearly correlated.®® We measured the

diffusion coefficient of MeOH, IPA, and TFE, each at different concentrations, at 298, 303,

and 308 K (Figure 6), and calculated the activation energy for each by the Arrhenius equation

D, = Dexp(— E,/RT), where D¢ is the front factor and Ejis activation energy. The E,
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values listed in Table 1 clarifies that volume

fluctuation increases as alcohol associates
become larger at higher y,, suggesting that
hydrophobic self-association may give rise to a
compact core but increased volume, plausibly due
to reduced water localization at the —OH terminus

of alcohol molecules.

Figure 6.Temperature dependence of diffusion
coefficient at various concentrations of MeOH,
IPA, and TFE. The activation energies extracted

are listed in Table 1.
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Table 1. Activation energy of diffusion of alcohol aggregates

E. (kcal mol™)
% (w/w) Methanol iso-Propanol  TFE
10 9.6 25.2 17.3
30 134 24.3 17.7
50 10.5 22.5 23.3
70 4.5 22.3 12.6
90 1.2 21.2 —

* Likely to have large error
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CHAPTER 3

A Surprisingly Simple Three-State Generic Process for Reversible

Protein Denaturation by Trifluoroethanol

Abstract

Despite the rich knowledge of the influence of 2,2,2-trifluoroethanol (TFE)on the structure
and conformation of peptides and proteins, the mode(s) of TFE-protein interactions and the
mechanism by which TFE reversibly denatures a globular protein remain elusive. This study
systematically examines TFE-induced equilibrium transition curves for six paradigmatic
globular proteins by using basic fluorescence and circular dichroism measurements under
neutral pH conditions. The results are remarkably simple. Low TFE invariably unfolds the
tertiary structure of all proteins to produce the obligate intermediate (I) which retains nearly
all of native-state secondary structure, but enables the formation of extra a-helices as the
level of TFE is raised higher. Inspection of the transitions at once reveals that the tertiary
structure unfolding is always a distinct process, necessitating the inclusion of at least one
obligate intermediate in the TFE-induced protein denaturation. It appears that the
intermediate in the minimal unfolding mechanism N = I = D somehow acquires higher o-
helical propensity to generate a-helices in excess of that in the native state to produce the
denatured state (D), also called the TFE state. The low TFE-populated intermediate I may be
called a universal intermediate by virtue of its a-helical propensity. Contrary to many earlier

suggestions, this study dismisses molten globule (MG)-like attribute of I or D.
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3.1. Introduction

It has been about 60 years since 2,2,2-trifluoroethanol was introduced in protein chemistry to
look at the conformational aspects of polypeptide oligomers and co-oligomers. Helix
induction by TFE in peptides isolated from globular proteins was reported soon,**followed
by the seminal demonstration of TFE-induced discrete conformational transitions involving
helix formation in protein.* Such studies in the course of time opened upa plethora of
important questions concerning the response of peptide and protein structures to aqueous
TFE. Interests were aroused on the role of amino acid sequence in a-helical propensity,”®the

development of a sequence-based helix propensity metric®™3

, the mode of protein-TFE
interactions and the mechanism by which the latter affects chain
conformation,****?*hydrophobic clustering and declustering in TFE solution,?*%*® the TFE-
induced stabilization of A-turns®*2andp-hairpin,®*3*s-sheet formation in a designed

173637 and coil to

protein,® and transitions from random coil to a-helix,'’ f-sheet to o-helix,
S-sheet to a-helix transition with increasing TFE.**The investigations listed above are hardly
exhaustive, but the wealth of information they provide on peptide-TFE and globular
protein—TFE system is admirable. A basic problem though is that the available results fail to
evolve a consensus regarding an essential framework of structures as to how TFE might
denature a globular protein across the scale of cosolvent composition. A part of the problem
arose from the effort of accommodating a molten globule (MG) species in the mechanism of
TFE denaturation. This is not surprising because the influential MG model of protein
folding39-47was postulated concurrent with much of the protein-TFE investigations cited
above. Lysozyme for example at pH 2 — the condition under which the protein exists in a

molten globule state, shows a single transition to the TFE state that was dubbed as the MG

state,*® but the results for the same cooperative transition*® were taken to provide no evidence
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for involvement of MG because the compactness of a typical molten globule is more than that
of the TFE state .>° On the other hand, the TFE transition for Ca**-free o-lactalbumin at pH 7
was interpreted to proceed via the MG state®® when it should not be. It is still unclear as to
which one is the MG state — the end TFE state or an intermediate expected to populate at low
TFE or both. In fact, a version of this difficulty of associating a MG in the TFE-induced
protein transition has already been mentioned by Goto and coworkers as non-hierarchical

protein folding .’

A fundamental understanding emerging from the vast information made available is
that no matter what elements the initial protein chain contains — coil, turns, f-sheets, 310-
helix, a-helix, or some combination of these in a single or more domains, relatively higher
TFE invariably induces a-helical propensity irrespective of the pH of the medium, producing
the final denatured state (D) or the TFE state whose a-helical content exceeds that of the
initial native state (N). But the intermediary structure(s) between the initial and final states
and its accumulation is unclear. Studying this reversible process is vital to understand if and
how proteins fold to the native state, in vitro at least. One may solubilize aggregated proteins
or inclusion bodies in high TFE to obtain the D-state and refold or purify the protein to
generate the N state. Even though the highly o-helical D-state is produced artificially by
TFE, the N-state forms upon removal of the TFE perturbant. We thought if the content and
the extent of structures in the N state do not decide upon the a-helical outcome of D or vice
versa, there must be a universal intermediate state (I) that is somehow poised to acquirea-
helical propensity. If the I state exists, it must represent a state with unfolded tertiary
structure but having considerable secondary structure because of the helix-inducing attribute

of TFE present already.
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The purpose of this manuscript is to test the simple idea above by measuring TFE-
induced transitions for six proteins diverse by the extent and content of secondary structure
types. They all undergo respective reversible transitions to the TFE state via the hypothesized
I state under several near-neutral pH conditions, asserting the operation of the minimal
N = I = D pathway, where the intermediate has unfolded tertiary structure. Occasionally,
more than one intermediate is detected depending on the protein type and the dimeric status
of the native state. Specifically, no MG-like state is obvious in the reversible TFE

denaturation of any of the proteins tested.

3.2. Materials and methods

Proteins cytochrome ¢ (Cyt c), myoglobin (Mb), hen egg white lysozyme, a-lactalbumin (-
LA), p-lactoglobulin (5-LG), and trypsin purchased from Sigma were used without further
purification. Buffer components were highly pure, and TFE purchased from Spectrochem had
0.1% water and 0.005% non-volatile substances as declared impurities. Protein solutions
were buffered with 20 mM sodium phosphate for use in the pH range 4-8 and 20 mM Tris
for pH above 8. Samples for titration of proteins with TFE were prepared by mixing two
stock solutions that were identical in all respects except that one contained 60% (v/v) TFE
and the other not. Samples containing TFE in 0—60% range were obtained by appropriately
combining the two stocks solutions. This approach of sample preparation in which two
protein solutions initially held at the two extremes of TFE are mixed to produce intermediate
solvent compositions provides a basis to assume reversibility of the protein-TFE reaction.
The final protein concentration for fluorescence and far-UV CD measurements was
uniformly 7uM for all six proteins. The concentration used for near-UV CD measurements

was in 50-70 puM range. The samples were equilibrated overnight at 25(x1)°C and
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measurements were carried out at 25°C using a AVIV SF420 CD spectrometer and a Jasco
FP-8300 fluorometer. Sample pHs were also measured at the end of experiments to confirm
that they did not change.

We assume that mole fraction-based activity coefficients are applicable to the binary
mixture of the non-electrolyte TFE and water. Activity coefficient of TFE are calculated from
the empirical relation
Y+ =a+be ¥ +de /¥ [1]
obtained by further analysis of literature data.>* The mass-based mole fraction of TFE in the
aqueous solution is denoted by x, and the constants area = 0.0677,b = 0.4680,c =

20.8253,d = 0.4596, and f = 6.3429.

3.3. Results

3.3.1. TFE binding can expose or bury aromatics: no general principle

The changes in tertiary structure brought about by TFE binding were examined by tryptophan
fluorescence. A representative set of emission spectra recorded with a-lactaloumin (a-LA) at
pH 7, 8, and 9( Figure 1) shows cooperative red shift of the wavelength of maximum
emission (Amax) by ~13 nm within 20% TFE at pH 7. The same shift occurs at lower TFE
when the pH is raised to 8 and 9. The Stokes shift reflects the TFE-induced exposure of
tryptophan side chains. The cooperative nature of the surface exposure implies break down of

weak intraprotein interactions leading to unfolding of tertiary structure.
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The Amax for each of the six proteins studied showed cooperative shifts (Figure 2),
suggesting a generic tertiary structure unfolding effect of TFE. The generality is however not
maintained with regard to the positioning of the tryptophans with TFE. The Amax for
myoglobin, lysozyme, a-LA, andg-lactoglobulin (5-LG) undergoes red shift, indicating that
the tertiary structure unfolding results in exposure of the aromatic side chains from the low
dielectric interior of the protein to the solvent. On the other hand, the TFE-induced blue shift
of the Amax for cyt ¢ and trypsin is indicative of burial of aromatic side chains in the
respective unfolded states. This implies that TFE unfolding of tertiary structure affects the
aromatic side chains either way —relocating them to the surface or burying in the low

dielectric interior.
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Figure 2. Fluorescence spectra and Stokes and anti-Stokes shift of emission maxima Amax for the

proteins under the indicated pH conditions.
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One may also ask, can the Stokes shifts of the different proteins be connected to the
positioning of the aromatic chains in the native state and/or their local sequence that will
likely affect their environment in the unfolded state? Based on the hydropathy and charge
content of the 20 amino acid residues near the neutral-pH region we performed a comparison
of local sequences containing tryptophans. It appears that proteins showing blue shift
(cytochrome c¢ and trypsin) have tryptophans buried in comparatively more positively
charged environment, and the numbers of hydrophobic and hydrophilic amino acids within 5
A of the tryptophan side chain are nearly equal. On the other hand, proteins showing red shift
(lysozyme, a-lactalbumin, g-lactoglobulin and myoglobin) have tryptophans surrounded by
neutral or comparatively negatively charged amino acids. Also, the numbers of hydrophobic
and hydrophilic amino acids surrounding the tryptophan side chains are considerably

different.

3.3.2. Unfolding of tertiary structure
Parametric analysis of protein denaturation by TFE is not as straightforward as the unfolding
transitions obtained with ionic and non-ionic denaturants is. To see if a general qualitative
trend of tertiary structure unfolding can be observed, we examine the fluorescence emission
and near-UV CD absorption of all six proteins at the Ama.x Of the respective denatured states.
Near-UV CD measurements in protein-TFE experiments in particular are necessary to
supplement the fluorescence results because quenching of indole fluorescence by high
dielectric of TFE (= 20%) affects the tryptophan fluorescence intensity to ~25%.0n the other
hand, near-UV CD only reflects the change in structure around the aromatic residues.

Each protein was titrated with TFE at three different pH values so as to find out the
effect of the net protein charge on the respective structural transition monitored by

fluorescence, although only one of the pH conditions was used for near-UV CD
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measurement. Fluorescence data for four proteins are shown in Figure 3 and the other two are
in Figure 4. The fluorescence transitions for cytochrome c (Figure 3a-c), myoglobin (Figure
3e-g), and a-LA (Figure 3i-k) shift to lower or higher TFE% according to the pH-dependent
stability of the respective protein. The shifts are not due to pH-dependent protein-TFE
interactions because TFE is a very weak proton donor (pK;~12.5) and its interaction with
protein groups is not expected to change with pH employed here. Varying the net charge
content by a pH perturbation essentially translates to poising the protein at different energetic
stability, and this difference is reflected in the shift of the transition along the %TFE
coordinate. In this respect the action of TFE is comparable to any chaotrope, since urea or
GdnHCI-induced structural transitions shift across the denaturant scale commensurate with
the extent of pH-perturbation of a protein.

In the near-UV CD measurements, we initially recorded a few spectra (Figure 5) to
identify the bands for time-base averaging of ellipticity at the band wavelength. The single-
wavelength data averaged sufficiently are plotted alongside the fluorescence transitions in
Figure 3. The near-UV CD transitions for cytochrome ¢, myoglobin, and o-LA (Figure 3d,
h,1) qualitatively complement the corresponding fluorescence transitions. Curiously, both
fluorescence (Figure 3e-g) and near-UV CD (Figure 3h)-monitored transitions for myoglobin
show a two-step transition, suggesting that TFE populates an equilibrium unfolding
intermediate not reported in numerous studies of myoglobin unfolding by urea and GdnHCI
published earlier. We introduce the intermediate by inspection of the transitions alone. This
intermediate populated by the early transition preceding the major transition may not have a
connection with the acid-stabilized intermediate I’'of myoglobin in the pH range 3.5-4.5
observed previously,® but the implication is the role of TFE in the stabilization of structural

intermediates.
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Figure 5.Near-UV CD spectra. (a) cytochrome c in 0, 17, 20, 23, and 26% TFE; (b)myoglobin in
0,9, 12, 15, 18, 40, 50, and 60% TFE; (c) a-lactalbumin in 0, 6, 12, 20, 30, 40, and 50% TFE;
(d) p-lactoglobulin in 0, 3, 9, 18, 25, 30, 45, and 60% TFE. The increment in symbol colour

corresponds to the specified increase in TFE%.

The fluorescence-monitored transition of f-LG with TFE simulate a bell shape with
distorted flanks (Figure 3m—o0), giving the impression of folding and unfolding in tandem.
Since A-LG is a dimer at pH>5% we attribute the transition at lower TFE to dimer =
monomer equilibrium in which the quenched fluorescence in the native dimeric state is
revoked as the dimer dissociates to monomers. This dimer—monomer suggestion can be
tested by measuring the transition at an elevated protein concentration (Figure 6). The second
transition associated with decreasing fluorescence then reflects the unfolding of tertiary
structure of the monomers. The near-UV CD transition (Figure 3p) does not distinguish the

dissociation and unfolding processes, which is likely due to insensitivity of the rotational
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strength of the aromatic side chains to subunit dissociation. The dissociation-coupled
unfolding of A-LG with TFE is consistent with the denaturation study of the protein in urea.>
We see again that the action of TFE on the tertiary structure of this protein is comparable
with that of urea. On the other hand, intermediates on the urea-induced equilibrium pathway

of 5-LG implied by simulation studies™ are not populated by urea or TFE.
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Figure 6.TFE-induced tertiary structure unfolding of S-LG when the protein concentration is
held at 7 uM (black circles) and 70 uM (red circles). The early transition associated with

increasing fluorescence is due to dimer—monomer transition.

3.3.3. Denaturation of Secondary Structure by TFE

The samples employed above for fluorescence were further subjected to determine secondary
structure content of the six proteins. Typical changes in the far-UV CD spectrum due to TFE
addition are shown in Figure 7, and the ellipticity values at 222 and 207 nm read by
averaging time-base runs are plotted in Figure 8.1t is plain that all proteins under all pH
conditions show cooperative change of secondary structure. The myoglobin case is a bit
different in that an unfolding transition precedes the denaturation as the pH is raised from 6 to

7.7(Figure 8d-f). It is possible that these two transitions are related to the accumulation of a
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structural intermediate as observed by fluorescence already (Figure 3e-g). The transition for
F-LG at lower TFE (Figure 8m) is most likely due to dissociation of the dimer to monomers,
which is consistent with the occurrence of a three-turn o-helix and a S-strand in the
dimerization interface.>® The absence of this biphasic transition at pH 7 and 8 (Figure 8n—0)
is likely due to tight coupling of the dimerization transition with secondary structure

denaturation such that the monomer is not populated.
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Figure 7.Typical changes in the far-UV CD spectra of myoglobin and a-lactalbumin with TFE.
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The key result is the formation of additional secondary structure with TFE. This
process can be called neither unfolding because of the accumulation of extra secondary
structure nor refolding because there is little scope of structure acquisition in excess of what
the native state already has. We therefore name the process denaturation of secondary
structure.

3.3.4. Denaturation is associated with accumulation of a-helical structure
Studies earlier have established that TFE stabilizes o-helices and enhances helical

propensity of B-sheetproteins.” 1212173750657 Tha CD data can also be analyzed to check
for the accumulation of additional a-helical structure(Figure9) in the denatured protein by
using the method of Greenfield and Fasman,® call GF, that we have used earlier to quantify

the SDS-induced a-helix formation in proteins .**The % a-helix is estimated by

[6]207—4000

% o-helix ~ —33000-4000’
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Figure 9. The TFE dependence of % a-helix content estimated from the 207-nm ellipticity.

The black, gray, and yellow symbols in each panel correspond to pH values in ascending
order: (a) cytochrome ¢, pH 5.8, 6.8, 7.5, (b) myoglobin, pH 6, 7, 7.7, (c) lysozyme, pH 3.8,
51,6, (d) a-LA, pH 7, 8, 9, (e) f-LG, pH 6, 7, 8, () trypsin, pH 7, 8, 9.The symbol x in

Cyan represent estimations obtained from BeStSel ™. The % a-helix is also listed in Table 1.

in which 6,07 is the mean residue ellipticity (MRE in deg cm?dmol™), —4000 is the MRE of

p-structure plus random coil at 208 nm, and —33000 is the MRE of «-helical structure of

poly-L-lysine. >

Table 1. Structure content in the native and TFE-denatured proteins

Protein

Cytc (pH 5.8)  Native
Denatured

Native*
Denatured

Mb (pH 7.0)

Lyso (pH 3.8)  Native
Denatured

o-LA (pH 6.0) Native
Denatured

S-LG (pH 8.0) Native
Denatured

Trypsin (pH 8.0) Native
Denatured

GF
15
48

57
83

37
55

23
50

Helix %
BeStSel™

56
71

70
99

39
76

33

82

53

26

-sheet %

34
29

24

44

18

28
43

20
34

Turn %

11

23

13

13

Others %

10

26

57

58
33

* The myoglobin sequence shows the occurrence of 121 of 153 residues in o-helical

stretches; this should account for ~80% helix content.
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3.3.5. Accumulation of structural intermediate in TFE

The large extent of data allows for a qualitative comparison of the tertiary and secondary
structure transition curves of the protein under given conditions of solvent and pH. Figure 10
samples some of the transition curves showing that tertiary structure unfolding and secondary
structure denaturation are clearly distinct and separated along the TFE scale for all proteins
studied. The observation of two non-superimposable transitions determined by two different
probes is a classic criterion for the accumulation of an unfolding intermediate.*The
separation of fluorescence and CD curves for f-LG appears a bit less clear (Figure 10e) due
to the rider of dimer to monomer dissociation already mentioned above. Since the separation
of the tertiary and secondary structure probes is distinct, we suggest that TFE unfolding
universally populates a structural intermediate I whose tertiary structure is largely disrupted
but the secondary structure persists. The intermediate denatures with higher TFE to produce a
denatured state D that contains excessa-helical structure. We suggest that the equilibrium
mechanism of TFE unfolding of globular proteins can be generically given by the minimal

three-state scheme

Ky Ky

N=—=l———=

Additional intermediates can be accommodated depending on observations and

interpretations in a protein specific manner.
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3.3.6. Free energy of unfolding and denaturation

Figure 10. The separation of
tertiary  structure unfolding
transition (circle in black) from
secondary structure
denaturation transition (square
in gray) along the TFE scale:
(@) cytochrome c, pH 5.8, (b)
myoglobin, pH 7, (c) lysozyme,
pH 5.1, (d) a-LA, pH 8, (e) f-
LG, pH 7, (f) trypsin, pH 9.
The activity of TFE (are) is

scaled on top of each row.

The estimation of thermodynamic parameters characterizing TFE unfolding of proteins is

fraught with large errors in observables possibly due to aggregation tendency of TFE,

frequent lack of well-defined baselines, and the dearth of practical knowledge of the

applicability of the empirical ‘Pace procedure’ to two-component water-alcohol solvent

denaturation. We therefore invoke the Wyman’s binding polynomial function in conjunction

with multicomponent solution theory model championed by Schellman.®~®*|t has also been

suggested earlier that the protein-alcohol interaction is best modelled by the preferential

exclusion of alcohol from the protein surface.®*®*Briefly, denoting water, protein, and TFE by

components 1, 2, and 3, respectively, the free energy of protein conformational transitions

brought about by the water—TFE cosolvent system can be calculated by

AGy = pb — p
AGp = py — p,
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where uY, pb, and 2 are chemical potentials of the protein with respect to the native

(N), the unfolded intermediate (I), and the denatured TFE state (D). As detailed in several

59,65,66

earlier work on protein-cosolvent interaction, the change in the free energy is calculated

by

AG = —RT (aan) , [3]

alna3 msy

wherea; = argg is the activity of TFE,K is the equilibrium constant for the N=TorI=U
transition, and m, is the molal concentration of the protein.

To extract the values of K, both pre- and post-transition baselines of the transitions
(Figure 10) were assumed to be linear in atgg
S(arpg) = S° + maygg, [4]
in which S denotes the observed baseline signal, S° is the value of S in water, and m is the
slope of the baseline. Figure 11 a, b shows the baselines for the N=I; and I, =1, transitions of
myoglobin observed by fluorescence alone (Figure 10b). The baseline generation is
somewhat burdensome, especially when the quality of data is poor. Since invocation of a
second order polynomial results in large errors, the pre-transition baseline for the
fluorescence transition of lysozyme (Figure 10c), was calculated by using data in the 18 to
24% TFE range. The S° and m-values are used to calculate K by

_ Sobs_(sgre+mpreaTFE) 5
= S (5]
(Spost+mpostaTFE) Sobs

where S is the observed signal at a given value of argg, Sgre and Sg,, refer to intercept
signal values corresponding to pre- and post-transition baselines, and m,,.. and m are the

respective slopes. The InK vs Inatgg plots for the proteins under conditions indicated are

produced in Figure 11 and the AG values are listed in Table 2.
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Figure 11. (a,b) Calculation of baselines for N, I, and I, states of myoglobin (N=1; = 1,)
detected by fluorescence. The baseline corresponding to the I-state (in red) acts as the post
transition baseline for N = I; and pretransition baseline for I, = I,. Double natural logarithm
plots are shown for cytochrome ¢, pH 5.8 (c), myoglobin, pH 7 (d), lysozyme, pH 5.1 (e), o~
LA, pH 8 (f), p-lactoglobulin, pH 7 (g), and trypsin, pH 9 (h). The data points in solid black
correspond to the N = I transition, and those shown by empty circles correspond to the I = D

transition. The free energy values calculated are listed in Table 2.
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Table 2. Free energy AG (kcal mol™) of TFE-induced unfolding and denaturation

Protein pH Charge unfolding (fluorescence) Denaturation (CDxg7)
Cytochromec 5.8 +12 13.8(x1.0) 32.7(x3.5)

75 +8.38 17.4(z0.6) 14.4(x1.1)
Myoglobin 70 +4.8 6.3(+0.5) -

18.2(+1.0)”

Lysozyme 51 +105 28.6(+2.0) 25.5(1.0)
a-LA 80 -95 3.9(x0.5) 15.3(x1.0)

9.0 -154  3.0(x0.2) 5.0(x0.5)
SLG 7.0 -87 59.4(x2.0) 7.7(x0.3)
Tryspin 9.0 -114  4.1(x0.5) -

N2, =21,

Because the modes of action of alcohol and chaotropes like urea and guanidine
hydrochloride on protein are different, the AG values found from our TFE experiments are
not expected to match those that are obtained from denaturation experiments using the latter
two.t"®® A partial list of folding free energy of proteins determined from chaotrope
denaturation of the proteins is given in Table 3. In the present study, however, the increase in
AG for TFE unfolding (N = I) of cytochrome ¢ with pH (Table 2) is due to increasing
stability of the protein.®Likewise, the decrease in AG for the unfolding (N = 1) of a-LA
arises from decreasing stability of the protein as the pH increases from 8 to 9.°The results
reveal that TFE acts on proteins as other denaturants such as GdnHCI and urea do; the

measured value of AG changes commensurate with the stability of the protein. Yet, the AG

values for the TFE-induced denaturation process (I = D) are not straightforward to interpret

because this process largely reflects a-helical propensity rather than secondary structure

56



unfolding.

Table 3. Unfolding free energy from urea and GdnHCI unfolding of proteins

Protein

Cytochrome ¢

Myoglobin

Lysozyme

a-Lactalbumin

[-Lactoglobulin

Trypsin

pH

7.0

3.0

5.0

7.0

7.0

7.0

7.5

Temp
(’C)

25

25

25

25

25

25

25

25

20

25

22

AG
(kcal mol™)

7.55+0.32

9.30+£0.30

9.50

7.6

5.92+0.08

9.0

7.29+0.11

11.5+05

6.62

72+04

14.17
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3.4. Discussion

3.4.1. Obligate unfolding intermediate in TFE denaturation of proteins under neutral pH
The salient finding of this work is the general minimal N = I =& Dmodel, where I is a
structural intermediate whose tertiary structure is largely unfolded by TFE. The intermediate
acquires additional a-helices at higher TFE to transform to a denatured state, often called the
TFE state. Even though the experimental database used to project the general intermediate is
small, the depth of the data clearly establishes the provision for the intermediate. To what
extent the intermediate I populates depends on the protein species and the solvent conditions
that regulate its stability. While the widely separated N =1 and I = Dtransitions of
cytochrome c at pH 5.8 and trypsin at pH 9.0 (Figure 10a,f) depict the emergence of the fully
populated intermediates, relatively reduced resolution of the transitions for myoglobin,
lysozyme, and a-LA (Figure 10b—d) suggests that the intermediate may populate to a lesser
extent.

Simple qualitative footings can be provided to project the N = 1= D model. It is
thought that TFE deploys the fluoromethyl-CF3; group to weaken the hydrophobic patches of
the protein.***%It is also likely that TFE penetrates into the interior of globular proteins as

"L72in which case both the energetic cost of burying the slightly

hydrophobic alcohols do,
negatively charged —CF3 group in the low dielectric interior and the interactions between
—CF; and hydrophobic patches of the protein will effectively unfold the tertiary structure.
This is the expected occurrence irrespective of the details of the content and the type of
secondary structure in the protein, and the outcome is the population of the intermediate

I lacking tertiary structure. We suggest that the formation of I is conducive to additional helix

induction in the I = D step.

58



The above argument warrants further discussion. The first point pertains to the
protein-TFE interactions even though the details of the interactions are still open to
investigation. It is believed that there are a few easily accessible high-affinity binding sites on
the protein surface [22,23] to which alcohols may bind directly by H-bonding and van der
Waals interactions [73]. Such interactions are visualized in Figure 12 produced by docking
TFE to two crystal structures of lysozyme. This high-affinity surface binding of alcohol can
perturb the intraprotein interactions facilitating access of alcohol molecules to the protein
interior. When the alcohol bears a charge, as does TFE by virtue of half a unit of negative
charge on the fluorines—CF3"", its access to the low dielectric apolar interior of the protein is
energetically expensive, which is the reason for low-affinity binding of charged alcohols to
the inner hydrophobic patches. The TFE binding results in a gain of protein entropy and
hence an increase in the number of degrees of freedom, leading to unfolding of tertiary

conformation.

Ser91(A)
Trpl08(A)

Figure 12.A cartoon of hypothetical TFE binding sites in two structures of lysozyme. Left,
structure 1DPX: the side chain of Glu35 and the main chain nitrogens of Val109 and Alal10
form H-bonds with TFE. Additionally, Asp52 and Trp108 establish hydrophobic interactions
with TFE. Right, structure 2WUN: main chain carbonyls of Asp87, Ala82, and Ser85, and the

side chain carbonyl of Ser 91 form H-bonds with TFE. A putative H-bond also exists between
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the side chain carbonyl of Ser91 and one of the partially negatively charged fluorines of TFE.

Hydrophobic interactions between TFE and Leu8 and 1188 are also shown.

The second point concerns the aftermath of the tertiary structure unfolding, guiding to
the formation of the TFE state that has a-helices in excess of that of the native state. Again,
there are inconsistencies among suggested factors that favour a-helical structuration of the

TFE state. For example, the idea that intrinsically high a-helical propensity arises from pre-

7,12,56%

existing a-helical regions of the native state IS inconsistent with observations that native

states containing predominantly f-sheet structures are also transformed to the TFE state

under equilibrium conditions'’as well as in kinetic refolding.”"*"®Evidences appear to
suggest that helical propensity arises predominantly from local helical interactions.*®*""
Limited experimental results also imply that the TFE state is formed irrespective of whether
the primary structure of a protein has sequence propensity to form a-helices or not. However,
intricate the process of helix induction could be, the unfolding of the protein tertiary structure

is a prerequisite® and perhaps a sufficient condition for TFE-induced acquisition of extra o-

helices.

3.4.2. Is the TFE intermediate similar to the MG state?

The discovery of the molten globule state®*®®

also called the third thermodynamic state
distinct from the native and unfolded states, was so imposing that many studies took it as an
inspiration to look for the MG state in the presence of solvent additives. Since the MG states
are easily formed at pH extremes, some TFE-protein studies have been selectively carried out
at acid pH and the results interpreted as TFE stabilization of MG states.*®®*8* The invocation

of the MG state in this context has however been hardly helpful. Closer examination of

results, as found in references*®*° for example, would reveal that TFE interacted proteins
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often lack the rigor of properties used to define the molten globule state. It has indeed been
pointed out earlier that TFE-induced protein states are different from the equilibrium molten
globule state.'” Further, there are instances where acid molten globule is not found to
populate in the presence of TFE.*°

A direct dismissal of MG in TFE-induced protein denaturation is suggested by the
experimental data and the simpleN = 1= D model of this study. We list the basic
characteristics of the MG state and specify how it differs from the intermediate (I) or the TFE
state (D). One, the MG state is compact by definition and hence is largely fluorescence-
quenched.**“%** The states I and D however contain unfolded tertiary structure and are
largely fluorescent (Figures 3,10), suggesting their non-MG character. Two, the canonical
near-UV CD signal of MG is weak,* but one detects no near-UV CD strength in any of the
TFE-transformed proteins (Figure 3). Three, the MG state is described to have native-like
secondary structure,“’ which is not the case for the TFE state (D) that contains excess of o-

helical structure (Figure9).

Finally, even if a remotely related molten globule state stabilized by TFE is considered, its
placement in the TFE-induced unfolding pathway would appear less realistic in the light of
results with various globular proteins that imply that molten globules could actually be
unproductive off-pathway species.?>™°

Reports have also appeared that organic solvents, dimethyl sulfoxide and
hexafluoroacetone hydrate for example, promote MG states.”*?Although credited for the

rigor of a large body of such work, it will be worth scrutinizing the properties of the proposed

intermediates to ascertain whether they are MGs, MG-like, closer to MG, or not MG.
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3.4.3. Beyond the three-state model of TFE unfolding

It is suggested that the N =1=D scheme is the minimal model for protein
denaturation with TFE. The results obtained for holomyoglobin (Figures 3e-g, 8d—f)also
indicates the scope for stabilization of additional intermediates at low TFE, and we extend the
three-state model to N =1, =1, = D, where L;is a stable intermediate whose tertiary
structure is unfolded to a lesser extent. Incidentally, this is an important result by itself
because unfolding intermediates of holomyoglobin at neutral pH has not been hitherto
reported. Similarly, the incorporation of the native dimer = monomer dissociation
equilibrium of g-lactogobulin (Figures 3m-o0, 8m—o0) yields the denaturation scheme Np;per =
Nptonomer = I = D. The TFE-induced dimer to monomer dissociation has also been described
recently for the protein superoxide dismutase.”® These examples suggest that TFE acts as a
general denaturant, even though it disrupts hydrophobic surfaces by the solvent exclusion

23,65

mechanism unlike urea and GdnHCI that establish poly functional interactions with no

regard to the type of amino acids ***

3.5. Conclusions and prospect

TFE denatures proteins by interacting with a few high-affinity binding sites on the surface of
the native state N followed by low-affinity binding to hydrophobic regions in the protein
interior. The internalization of TFE is energetically expensive because of partial charges on
the fluorines of the —CF3 group. This energy cost also contributes to entropy increase and
unfolding of the tertiary structure. We have called this unfolded state a universal intermediate
I populated in relatively low TFE-containing aqueous medium. The unfolded tertiary
structure intricately guides the intermediate to acquire additional a-helices in the presence of
higher TFE to yield the TFE state. Since the TFE state is not native and still contains a-

helical structures in excess, we have called this a general TFE-denatured state D. The TFE
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denaturation of all globular proteins under neutral pH conditions can be described by the
minimal three-state model N = I = D. Occasionally, additional intermediates with respect to
the extent of unfolding of the tertiary structure may also accumulate. The study opens up

avenues for structural characterization of the putative intermediates.
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CHAPTER 4

A Three-State Mechanism for Trifluoroethanol Denaturation of

an Intrinsically Disordered Protein (IDP)

Abstract

Relating the amino acid composition and sequence to chain folding and binding preferences
of intrinsically disordered proteins (IDPs) has emerged as a huge challenge. While globular
proteins have respective 3D structures that are unique to their individual function, IDPs
violate this structure-function paradigm because rather than having a well-defined structure
an ensemble of rapidly interconverting disordered structures characterize an IDP. This work
measures 2,2,2-trifluoroethanol (TFE)-induced equilibrium transitions of an IDP called
AtPP16-1 (Arabidospsis thaliana phloem protein type 16-1) by using fluorescence, circular
dichroism, infrared, and NMR methods at pH 4, 298 K. Low TFE reversibly removes the
tertiary structure to produce an ensemble of obligate intermediate (I) retaining the native-state
(N) secondary structure. The I ensemble has higher helical propensity conducive to the
acquisition of an exceedingly large level of a-helices by a reversible denaturation transition
of I to the denatured state Das the TFE level is increased. Strikingly, it is the same N=I=D
scheme typifying the TFE transitions of globular proteins. The high-energy state I
characterized by increased helical propensity is called a universal intermediate encountered in
both genera of globular and disordered proteins. Neither I nor D strictly show molten globule

(MG)-like properties, dismissing the belief that TFE promotes MGs.
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4.1. Introduction

The applications of the amphiphilic alcohol TFE in peptide and protein science include
cosolvent engineering of structure and conformation, solubilization and induced folding of
insoluble recombinant proteins, conferring desired dynamics to folded states, adding
secondary structure propensity, and engineering catalytic activity of enzymes.! Many of such
applications were recognized soon after the seminal introduction of TFE to study
conformations of polypeptide oligomers and co-oligomers?, leading to a large volume of

6-14

reports on TFE-induced helix formation,®°co-helical propensity, conformational

20, 26-29

transitions,***>**hydrophobic assembling and disassembling, stabilization of S-type

secondary structures,*° helix-coil transition,'® and transitions from one to another type of

secondary structure,® 3"-°

of proteins. One may note that the number of reports on the TFE-
protein system rose sharply during 80’s and 90’s of the concluded century and receded
thereafter. Many questions remained unanswered however, the most important one being the
mechanism of TFE-induced protein transitions. For example, one was not sure if the
transition is a two- or a three-step process, and whether a species like molten globule (MG) is
promoted by TFE. Fewer studies of recent years nonetheless have continued to examine TFE

interaction with globular proteins,*?%242:2933.3

and have included sundry topics such as the
properties of TFE-water mixtures” and nanocrowding effect of TFE on protein

surroundings.*

All studies referenced above provide results for globular proteins alone, and the key
understanding emanating is the induction of high helical propensity by TFE with no regard to
the content and extent of secondary structure elements in the initial native state. As a result,
the final denatured state D at high TFE, also called the TFE-state by some, contains a-helices

specifically in excess of that in the native state. This dogma can also be stated by including a
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generic tertiary unfolded intermediate, such that a minimal three-state mechanism N =12

Dis applicable to TFE denaturation of globular proteins.

On the other hand, little has been learned on the TFE interaction with IDP. This
should be an important problem not merely because IDPs account for about a half of cellular
proteins in the eukaryotic proteome, but principally due to a host of characteristics

surrounding the amino acid composition and sequence* ™

, the disordered regions and the
conformers, and the overall size of them.***Unlike a well-defined 3D structure of a globular
protein, the IDP chain folds poorly to produce an ensemble of rapidly interconverting
conformers containing disordered regions. It is of interest to know how TFE approaches the
ensemble of structures, whether TFE binding causes folding of certain segments unlike the

initial tertiary structure unfolding of globular proteins,® and how the overall denaturation

transitions of the two protein genera are different.

This work measures the TFE-induced transitions of the IDP AtPP16-1 in the 0-60%
(v/v) range of aqueous TFE at pH 4.1, 298(%1) K, by using basic spectroscopic methods. The
IDP whose solution NMR structure was determined by us>‘has only ~19% of the residues in
secondary structure regions — an a-helix (residues 96—105) and three antiparallel B-strands,
Bl (residues 3-9), BII (residues 56-62), and BIII (residues 133-135). Many surface
overhangs arising from side chains and disordered regions are observed, and the conspicuous
disordered region appears as a lobe (residues 10-55) straddling strands Bl and Il (Fig. 1).
The IDP undergoes reversible transitions according to the N=I=D scheme generalized for
globular proteins. The species I of the IDP chain ensemble is a high-energy tertiary unfolded
intermediate that denatures to the helix-rich D state. It would appear that TFE is indifferent to

the chain residue characteristics and surface irregularities of the protein.
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Figure.1. From left to right: a ribbon diagram of the lowest energy conformer,a ribbon and
stick diagram showing the surface ledges, and a space-fill model showing a large grove

important for binding nucleic acids.

4.2. Materials and Methods

TFE, TFE-d3 (Cambridge Isotope Laboratories), and acetate buffer components were of
highest purity available commercially. Recombinant AtPP16-1 used for all experiments was
produced in the laboratory using the procedure described earlier.>!Isotope enrichment of the
protein for heteronuclear NMR experiments was done by growing the cells in M9 medium
containing >NH,Cl and/or *C glucose depending on whether double or single isotope
labelling was required. The conditions for cell growth in M9 medium, harvesting and lysis,
and purification of the protein have also been described.”* The purified protein solution was

dialyzed exhaustively against 7 mM acetate buffer, pH 4.1.

Samples for TFE titration of the protein were prepared by a procedure that also tests
the reversibility of the protein-TFE reaction. Two stock solutions are prepared in a way that
they are identical with respect to the buffering condition (7 mM acetate, pH 4.1) and the
protein concentration (12uM for fluorescence, CD, and IR measurements) except that one

contains TFE (60% by volume) and the other does not. These two stock solutions are
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combined appropriately to obtain samples containing TFE in 0-60% range. The samples are
equilibrated at ~25°C for ~6 h before measurements are carried out at 25 °C. Fluorescence
emission spectra were recorded by 280-nm excitation using a Jasco FP-8300 fluorimeter, CD
spectra and single-wavelength time-base measurements were taken in a JASCO 715
instrument, and IR spectra were measured in a FTIR-ATR instrument (ThermoFisher
Scientific). That the sample pH did not change after the preparation of the solutions was
confirmed by pH measurement after completion of the measurements.

Samples for [*H-"N] HSQC NMR spectra were also prepared by the procedure
described above, although the dispersion of chemical shifts in the spectra was increasingly
poor beyond ~5.7% TFE-d3. Protein concentration was ~100 uM. Typically 128 experiments
each of 32 scans were acquired in the >N dimension. Spectra were recorded in a 500 MHz

Bruker spectrometer using a TXI probe.

The activity coefficient of TFE was determined by the empirical relation®
Y+ =a+be ¥ +de /¥ (1)

where the mole fraction of TFE in the aqueous solution is denoted by x, and the constants are

a=0.0677, b=0.4680, c=20.8253, d=0.4596, and f=6.3429.

4.3. Results

4.3.1. TFE stabilization of a tertiary structure intermediate

A study of the response of tertiary structure to the added TFE is fruitful in order to see if the
melting of the former is related to helix-promoting activity of TFE. Monitoring tertiary
structure of IDP could be even more interesting because aromatic amino acids have the
lowest disorder propensity, meaning their side chains hardly promote intrinsic disorder.In the
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present pursue, we notice TFE-induced quenching of tryptophan fluorescence (Fig. 2a)
concomitant with the appearance of a blue-shifted emission peak centered at ~300 nm (Fig.
2b). The wavelength of maximum fluorescence (Amax) due to the three tryptophans W53,
W59, and W150 of AtPP16-1 red-shifts cooperatively by 9 nm as the TFE level is raised to
~30% and stays constant thereafter (Fig. 2c). The cooperativity of the Stokes shift to the red
must mean TFE-induced melting of weak tertiary interactions causing larger surface exposure
of the tryptophan side chains. The fluorescence however quenches in two distinct steps
irrespective of the use of the native-state Amax Or the Amax corresponding to different levels of
TFE (Fig. 2d), suggesting the accumulation of an equilibrium intermediate characterized by
partly unfolded tertiary structure. One might like to label the intermediate as Iyonly to
indicate its identification by tryptophan fluorescence, and place it in the N = Iy, = Ipathway
in which N and I refer to native and tertiary structure-unfolded intermediate states of the IDP.
The term unfolding is being used here in the true sense, not meaning denaturation but
complete loss of tertiary structure. While unfolding leads to quenching of indole fluorescence
at high TFE, the new peak appearing at ~300 nm implies the emergence of tyrosine
fluorescence (Fig. 2b,e). The TFE dependence of the latter is monotonous however, showing
relocation of one or more of the 5 tyrosines whose fluorescence is not quenched in the
unfolded state.

The observation of the tertiary structure unfolded intermediate is significant because
the role of TFE in the stabilization of partly melted tertiary structure of certain globular
proteins is a very recent finding,>® not documented in extensive studies carried out both
experimentally and computationally. It emerges that TFE can stabilize such an intermediate
in the case of an IDP also, even though the latter does not have a tertiary structure as well-
defined as in globular proteins. One may conclude that TFE unfolding structurally resembles

unfolding by urea and guanidinium chloride (GdnHCI) such that all three agents unfold
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tertiary structures and stabilize partly unfolded structures under thermodynamically favorable
conditions irrespective of the order and disorder in the native state structure. Data are also

provided in support of this conclusion vide infra.
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Figure 2. Fluorescence detection of TFE action on AtPP16-1. (a) The tryptophan
fluorescence quenches with TFE with a concomitant red shift of the Ana. (b) A second
emission peak centered at ~300 nm, likely due to fluorescence of tyrosines, appear as the
TFE level is raised. (c) The Stokes shift of the Ama Of tryptophan emission is cooperative
with TFE and amounts to ~9 nm. (d) The TFE-induced quenching of tryptophan fluorescence
occurs in two steps separated by a distinct baseline. The curves correspond to the
fluorescence with respect to the Amax at different %TFE (gray), and fluorescence at 332 nm
(black). (e) The increase of emission at 4=296.5 nm appears to have a parabolic dependence
on TFE, suggesting that tyrosine fluorescence does not indicate the population of a tertiary

structural intermediate.

The fluorescence intensity presented above is in error by ~10% due to the sensitivity
of indole fluorescence to the apolarity (dielectric constant) of TFE. The error margin was

determined by a control experiment in which the fluorescence of indole was measured with
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variable aqueous % TFE. This is one of the reasons why fluorescence results should be
buttressed by near-UV CD which only reflects the changes in optical rotatory strength of the
aromatic side chains irrespective of their surrounding dielectric. Weak optical rotatory
strength of aromatic side chains in the m—mx* region of the absorption spectrum requires
sufficient averaging of the signal; so we recorded the near-UV spectrum only for a few
samples to determine the Amax (Fig. 3a), and then measured time-base average of the CD
signal at the determined Amnax. The TFE dependence of the 271-nm CD absorption due to
tyrosine and phenylalanine is shown in Fig. 3b where the single step change in ellipticity is
complete in ~25% TFE, suggesting unfolding of the tertiary structure around these residues in

atwo-state manner,N = L.

arre
o (2] © < —
o o © o i
o N ™ < <
S o S S S
o o o o o
2 T T T T T T T T 1 I| L i T T 1 I| T =
- (a) ﬁﬂ DE
g S el T z
T o0 < 1 F 105
E % 1 F 1 3
..? (0 qubooooo%@o LX) ] - § E 1 £
= oo PP - . N
2 -2 2 r E i ] o~
= - 1 <
w 0, S0 o0 ] n TI-2
o o o e VP ] r E ii E i q
o {1 T i
-4 1 1 1 1 1 1 1 1 1 Coov v v b v v by v by -3
250 260 270 280 290 300 O 15 30 45 60

Wavelength (nm) % TFE

Fig.3. (a) The near-UV CD spectrum in 0 (black), 6 (red), 16.5 (green), and 30 (yellow)
%TFE. (b) The change in the 6,7; values from 0 to 60 %TFE. The error bars represent

standard deviations of mean values.

The identification of the intermediatelyexplicitly by fluorescence implies the

formation of a specific structural cluster which contains one or more tryptophan residues such
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that the cluster protects the residues from the solvent. Occurrence of localized,
stereochemically sensitive apolar clusters specifically containing tryptophan side chains have
been documented in earlier studies of globular protein unfoldingby urea.>>*The finding of
such an intermediate of the IDP AtPP16-1 suggests that intermediates can accumulate in TFE
unfolding as it does in urea and GdnHCI unfolding. Tertiary structural intermediates may
populate in IDP folding as they do for globular proteins, even though the tertiary structure in

the former ill-defined to variable degree.

4.3.2 Changes in the side-chain C=0 bond polarity with TFE

IDP chains are characteristically rich in charged amino acid residues; Asp and Glu account
for 25 of the 156 residues of AtPP16-1. To look at how TFE might affect their side chain
motions, we monitored the TFE-induced transition by IR in the 1400-1820 cm™* region. The
absorption due to the C=0 stretching of the polypeptide backbone (Amide I normal mode,
~1630 cm™?) is completely masked by the C=0 stretching absorption of the acetate buffer, the
latter however does not interfere with the Asp and Glu C=0 stretching absorption at 1737
cm* (Fig.4a). The C=0 of these side chains are presumably not H-bonded, and the
observation of no shift in the v(C=0) plausibly reflects no effect of the low dielectric
constant of TFE.> The band intensity decreases in two steps, each showing a power-law
dependence on % TFE (Fig.4b). The break at ~40% TFE may be a reflection of the response
of the C=0 side chains to the formation of additional helices. The problem however enters
into the realm of infrared spectroscopy, where the intensity of absorption is determined by the
derivative of the permanent C°*=0°" dipole with respect to the oscillating C and O distance
evaluated at equilibrium nuclear configurationr,. The 1740 cmband should arise as a single
quantum absorption from the excitation of a vibrational level in ground electronic state (v') to
one in an excited electronic surface (v), so that the intensity of absorption is given by
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where r is the internuclearC®*=0°" distance specific to the stretching mode and r, is the
equilibrium separation. The second-order dipole derivative is excluded because of the

assumption of single-quantum absorption.
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Figure 4. (a) The 1630 and 1737 cm™ band intensities with TFE with the acetate buffer
spectrum shown in red, (b) TFE dependence of the 1737.55 cm™ absorbance. The break at

~40% TFE is indicated by the arrow.

The decreasing intensity of the 1740 cm™ band — meaning smaller magnitude of the

dipole derivative, can be correlated with decreasing polarity of the side chain C**=0%" of
Asp and Glu as the protein is titrated with TFE. This can happen if an electrophile, most
likely H*, reduces the electronegativity of the oxygen. It is also possible that the helical
propensity of these amino acids increase in TFE so that the helix macrodipole somehow
reduces the polarity of C%=0%". These must be taken as conjectures only; more results will
be needed to find out how the polarity of the bond decreases. Incidentally, we have used this

IR band earlier to study binding of paraben food additives to globular proteins.*®
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4.3.3 Denaturation of Secondary Structure by TFE

The rationale for looking at the secondary structure content is found in the long established

fact that TFE invariably promotes a-helical structure in globular proteins, often in far excess

of what the native state contains.

It is of interest to learn as to what extent the helical

propensity is increased in IDPs where the native-state secondary structure content is most

often marginal; in the present IDP AtPP16-1 only 19% of the residues form the minimal

secondary structure framework.
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An inspection of the representative set of far-UV CD spectra in the 0-60% range of
TFE (Fig.5a) shows that the 207- and 222-nm bands can be distinguished only when the level

of the solvent rises above ~25%, indicating reorganization of secondary structural elements.
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For a clearer result, time-base CD readings at 207 and 222 nm were averaged out to generate
the TFE dependence of ellipticities at these wavelengths (Fig.5b,c). The negative ellipticity at
both wavelengths increases cooperatively by ~50 mdeg across the % TFE scale, suggesting
acquisition of secondary structure to a large extent. This is consistent with TFE-induced
helical propensity observed for numerous peptides and globular proteins reported over a long
time. The result is not unexpected; if TFE induces a-helices in unstructured or nominally
structured peptide sequences(l), then structure should be induced in intrinsically disordered
proteins as well.

Since both o- and f-structures contribute to the 207-nm CD and the contribution of
the former is more, the ratio of ellipticities at 207 and 222 nm could be an approximate
indicator of the content of a-helical structure (Fig. 5d). One can also start to estimate the

helicity using the Greenfield-Fasman (GF) approach,”’ given by

[0]207—4000
—33000-4000’

% a-helix ~
where 0,7 is the mean residue ellipticity (MRE), —4000 is the MRE of g-structure and
random coil at 208 nm, and —33000 is the MRE of a-helical structure given for of poly-L-
lysine.>’ Although the TFE-promoted o-helicity estimated by the GF method fairly compares
with that approximated from the 0207:022, ratio (Fig.5d), the results do not appear reliable.
The NMR structure shows 15 residues (96—110 stretch of the sequence) forming the lone o-
helix in the native AtPP16-1(51), accounting for ~10% helicity instead of ~1% seen in Fig.5d.
The result that the helicity increases only to ~1.5% across the 0—60% range of TFE also

I™ web server®® (Fig.5e) appears consistent,

raises doubt. The % helix estimated using BeStSe
although no helicity appears in ~15% TFE. Zero helicity might mean an initial destabilization
of secondary structure required to achieve helix propensity at higher TFE. The 67% helix

content in ~60% TFE is remarkable, reflecting large a-helical propensity of the IDP chain.
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We call the TFE state characterized by excess a-helical content the ‘denatured state’
(D), and denote the reversible transition between the native and the D state by N = D only to
implicate that no secondary structure intermediate populates. But why is the TFE state
dubbed denatured? Since TFE did not unfold the secondary structure but added extra helices,
the protein is not unfolded but denatured. It cannot be called a quasinative state even if it has

native-like helices, because low TFE has already unfolded the tertiary structure.

4.3.4. Widespread loss of chemical shift dispersion at low TFE

Since we have already had the solution structure of the IDP AtPP16-1 determined'we also
hoped to obtain some insight of TFE-induced structure perturbation by NMR. The chemical
shift dispersion however, already poor in the native state, degraded to a large extent upon the
addition of a fewer % TFE. As seen in the *H-""N HSQC spectra (Fig.6), the dispersion
collapses severely in ~7% TFE. Clearly, the intensity loss is not due to RF damping as occurs
in GdnHCI titration of globular proteins monitored by NMR. Rather, it is a reflection of
global perturbation of the protein conformation or aggregation of the protein or both. The
protein aggregation problem is not seen in the absence of TFE even when the IDP is ~150
uMin the solution. It is possibly the widespread perturbation of the conformation that leads to
the loss of dispersion, which means the Iy, intermediate observed by tryptophan fluorescence
(Fig. 2) is a local cluster of structure. We are still interested to look at the helix-rich D-state
of the IDP produced at high TFE, but the required rigor of higher level NMR experiments

and calculations will take some time.
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Figure 6. (a) Stack plot of the amide region projected from the first 1D spectrum of each of
the *H-"N HSQC 2D spectra recorded at the indicated %TFE. (b) Overlay of the HSQC
spectra in 0 (black), 1.5 (red), 3 (yellow), and 7 (cyan) %TFE showing increasingly collapsed

dispersion. The assignments known for the native protein at pH 4.1, 298 K are indicated.

4.3.5 Accumulation of tertiary structure-unfolded intermediate
Reviewing the fluorescence and CD results discussed earlier, a comparison of tertiary
structure unfolding (N = Iy, = I) and secondary structure denaturation (N = D) transitions,

normalized individually, shows clear separation of the two across the TFE scale (Fig.7a).

85



Two non-superimposable transitions observed by two or more different probes is a standard
criterion to presume the accumulation of structural intermediate.>®*®One can then combine
the TFE transitions into

N=Iy=21=2D.

Figure 7. (a) Separation of non-
superimposable  transitions  for tertiary
structure unfolding N=I (red square)

and N=Iy=1 (gray square), and secondary

structure denaturation N=D(solid circles).

(b) Separation of urea-induced tertiary (red

square) and secondary (solid circle)

unfolding transitions of the IDP. The free

energy values are listed in Table 1.

Normalized signal change (fluorescence and CD)

If the Iy state did not populate, as it is not observed by the near-UV CD transition in

Fig.3, the scheme reduces to the three-state generic model for TFE denaturation of globular

proteins described*
N=I=2D,
in which the intermediate I refers to the tertiary structure unfolded state, which presumably

determines the a-helical propensity in order to denature to the helix-rich D state. The state I
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has been called an universal intermediate because of its accumulation and detection in a
diverse set of globular proteins. In essence, the tertiary structure unfolded state is a structural
intermediate required for denaturation to a helix-rich TFE-state. It is also suggested that
additional intermediate(s) may populate across the N=I equilibrium in a protein specific

manner— the accumulation of I; in TFE unfolding of myoglobin,> for example. Here we have

the first example of an IDP whose response to TFE is consistent with the N=I=D model for
globular proteins. Interestingly, the minimal three-state model also describes the urea-
unfolding transitions of the IDP AtPP16-1 (Fig. 7b).The free energy values of the urea
transitions calculated by the linear free energy model are comparable to those obtained from

the TFE transitions by using the preferential exclusion model as follow (see Table 1).

4.3.6. Free energy of unfolding and denaturation of the IDP

Experimental studies in the past have hardly dealt with the thermodynamic aspects of TFE-
induced structural changes in proteins because analysis of TFE unfolding curves is not as
straightforward as that of chaotropic denaturants like urea and GdnHCI. An analysis that
relies on the principles of solvent denaturation of proteins has however been implemented to
extract the free energy changes between the native and TFE-perturbed states. The basic idea
due to Schellman, Timasheff, and others®*®is to determine the excess free energy of the
protein arising from its binding interaction with the solvent TFE. Earlier studies have in fact
indicated that protein-alcohol interaction could be analyzed by the model for preferential
exclusion of the cosolvent from the protein surface.?****By convention, the components
water, protein, and TFE are denoted by 1, 2, and 3, respectively, and the excess free energy of

the protein due to its interaction with TFE takes the form®-®3

B, =l = (%)T’PM 3)
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in which I',3 represents the coefficient of thermodynamic binding, m stands for molal
concentration, and u is the chemical potential. The change in the chemical potential of the
denatured or unfolded protein brought about by TFE binding reflects the free energy of

denaturation (unfolding) of the protein,

D(U) _

AG = )V — iy = -RT(T\"— T) = —RTAI;, 4

where Fg(u)and I are thermodynamic binding coefficients. When determination of I'p3 is

difficult, the differenceAl»sis estimated from the Wyman linkage equation®®expressed in

terms of TFE activity

AT,; = (6ln1()m ' (5)

dlnaj

in which K is the equilibrium constant of the N = Dreaction, and az is TFE activity. There
will be two equilibrium constants K; and K; for the N = Iy, = I equilibria.

To determine K we assume linearity of the pre and post-transition baselines with argg
S(arpg) = S° + margg, (6)
where S is normalized observable signal, and S° is the value of S in the absence of TFE. The
baselines for N = Iy = I transition (N = Iy and Iy, = I) are shown in Fig.8a,b. One can

then obtain K using the values of S° and mby

K = S:(S}?re"'mpreaTFE) , )
(Spost+mp05taTFE)_S
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Figure 8. (a,b) Baselines for N, Iyy, and I states (N = Iy = I) detected by fluorescence. The

line in red serves for the posttransition baseline of the N = Iy transition and pre-transition

baseline of thely, =1 transition. (c) Double natural logarithmic plots shown for the

tryptophan fluorescence transitions N = Iyy (black) and Iy = I (red), near-UV CD transition

N =1 (cyan), and far-UV CD transition N = D measured at 222 nm (blue) and 207 nm

(gray). Values of free energy extracted are listed in Table 1.

in whichSg,. and Sp. refer to intercept signal values with respective slopesm,,. and m,g.

Plots of InK vs Inarggfor the N=1Iy =1, N=1Iand N = D transitions monitored by

fluorescence, and near- and far-UV CDs are shown in Fig.8c, in which RT(~0.59 kcal mol™

at 25 °C) times the slope is the respective value of AG (Table 1).
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Table 1. Free energy AG (kcal mol™) of TFE-and urea-induced unfolding and denaturation

of AtPP16-1, pH 4.1, 298 K

Denaturant Probe monitor Transition AG (kcal mol™)
TFE Trp fluorescence N = Iy 4.8(x0.5)
=1 12.3(£1.0)

271-nm CD N=al 8.0(x0.8)
222-nm CD N=D 4.2(+0.5)
207-nm CD N=D 4.6(%0.5)

Urea Trp fluorescence N=1 2.4(£0.5)
222-nm CD N=U 9.0(£1.0)

The interpretation of these AG values regarding the schemes N = Iyy = I and N = D,
and the integrated N=I=D may appear burdensome because the unfolding free energy for the
Iy = I step monitored by fluorescence is three-fold higher than the N = D. Considering the
accuracy of the data, we interpret the results to accommodate the tertiary structure unfolded

intermediate (I) as a high-energy obligate intermediate (Fig.9).

Free energy (kcal mol-1)

Reaction coordinate

Figure 9.An overly simplified free energy profile indicating the position of the high energy

intermediate 1.
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4.4. Discussion

Even though the TFE-state or the denatured state Dis a helix-rich apparently artificial state,
protein denaturation experiments with TFE continue to be important because of various
possible applications of the alcohol including, solubilization of proteins and peptides and
folding them to the native state by removing the alcohol, modulation of catalytic activity of
enzymes, explication of solvent dependent protein dynamics, finding determinants of helix
propensity and packing, and enhancement of protein structure. A closer effort to analyze TFE
action on proteins is therefore necessary.

In all protein systems irrespective of the extent and typesof ordered structures, and
whether globular or not,the TFE-induced structure perturbation is reversible with no known
hysteresis between denaturation and refolding transitions.*The reversibilitycomes as a
windfall because it not only makes the above mentioned TFE applications possible, but also
provides a handle to analyze the folding (unfolding) reaction in relation to urea and GdnHCI
unfolding. The finding of the stabilization of tertiary unfolded intermediate I by both TFE and
urea (Fig. 7) is a good indication of similarity of their structure unfolding effects, although it
will be irrational to assume that it is the same intermediate that is stabilized by the two
denaturants. That the intermediates must be different is clarified by the free energy change
(AG) calculated for TFE denaturation vis a vis urea unfolding (Table 1), a result that has also
been discussed recently for a sizable set of globular proteins.*°Since the modes of action of
TFE and urea on protein are different, the AG values calculated with the TFE results are not
expected be comparable with those determined from ureaunfolding.?®®’A possible argument
that AG calculated by using the coefficient of thermodynamic binding of the TFE cosolvent
(T'23) in comparison with the AG calculated by Pace’s linear free energy model may give
different results will be untenable, because it can be shown analytically that the folding

energy of a given transition calculated by the two procedures is sufficiently consistent. It is
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concluded that the folding intermediate populated in TFE unfolding is structurally unrelated
to that in urea unfolding.

The TFE intermediate I is not only distinct but also an obligate species recognizable
by inspection of the TFE-induced transitions of globular proteins diverse by types and extent
of secondary structure content.”°This work is an attempt to introduce the TFE intermediate in
the context of IDPs, although more experiments wait to fully establish its generality.
Regarding its universal nature, one can go by naivety and guess — a specific conformation
that is somehow poised to acquire a-helices as the TFE level rises irrespective of the primary
structure and whether the starting state (N) is an ordered globular structure or disordered less
structured chain. This indiscriminate action of TFE toward the common theme of higher o-
helical structuration has been evasive. The a-helical propensity can arise from not only pre-

8138801 local helical interactions!”*#®°put also

existing a-helical segments of the native state
predominantly S-sheet favoring regions.’®"®The ability of the TFE intermediate to acquire o-
helical propensity irrespective of the sequence propensity in the native state is its
distinguishing property, which is presumably absent in the classical folding intermediates
stabilized by urea and GdnHCI. The universality of the TFE intermediate refers to this fact
that tertiary unfolding of the native protein is a prerequisite’*and a necessary condition to
acquire a-helical propensity. Since the amino acid sequences of globular and intrinsically
disordered proteins are typically different in that the latter contains abundant disorder-
promoting residues, the residue types in the sequence as such do not determine the
acquisition of extra a-helices.

A persistent confusion in the protein-TFE literature is whether TFE forces a protein to
adopt a molten globule (MG) state. Numerous studies toward the end of the last century
endeavoured to show that the TFE intermediate Iand/or the denatured state Dresemble the

MG state, as reported in references’> "> for example, the reason for which was perhaps the
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thrust created by the then newly announced ‘third thermodynamic state of globular proteins’
called the MG state.”* "®A review of those results would however reveal that structural
properties of TFE-transformed proteins are not fully consistent with the canonical properties
of MG*®*®nor does TFE promote acid MG.”It has been argued elsewhere that the MG is an

8081 implying that the reversibility of TFE-denaturation will not

abortive off-pathway species,
hold even if a MG state is admitted in the equilibria. We notice here that the coarse
characteristics of IDP transition by TFE are little different from those observed for globular
proteins. The conformational ensemble of an IDP corresponds to an ensemble of a continuous
distribution of tertiary structure,®?accounting for an average tertiary structure that is less rigid.

Since IDPs may be likened to the native MG,%#

and we see reversible tertiary unfolding by
TFE and the resulting intermediate denatured reversibly to acquire excess a-helices, the
possibility of the accumulation of MGs through the action of TFE is abrogated.

That the free energy of the TFE obligate intermediate I is higher than the free energies
of both N and D in the N=I=D pathway (Fig. 9 and Table 1) warrants a comment. High
energy intermediates seems to be of common occurrence in the folding of a sizable set of
small globular proteins initially unfolded by urea or GdnHCI. For example, Sanchez and
Kiefhaber®®*have observed high-energy obligatory intermediates in their analysis of 23
globular proteins. Other instances of such intermediates have also been reported where
specific structural features are implicated.®®But the higher energy of the TFE intermediate in
the case of the IDP may stem from the entropy cost associated with reduced fluctuation of the
chain ensemble as a result of TFE binding to a few high-affinity surface sites by H-bonding
and van der Waals interactions®” and to a fewer low-affinity inner patches of the protein by
hydrophobic interaction. Since TFE has half a unit of negative charge on the fluorines

(-CF5™), its access to the low dielectric apolar core of the protein is energetically expensive,

hence the affinity is low. The tertiary structure of the IDP is lost nonetheless, the helical

93



propensity increases, and the entropy loss appears as a penalty. This argument has been
provided recently to explain the free energy folding penalty accompanying binding of

interacting proteins to disordered a-helical motifs of several IDPs.®®
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