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Abstract

One of the major challenges in the field of biopbgkchemistry is the study of
the mechanisms of protein folding, i.e., how antwesured polypeptide chain can rapidly
adopt an unique, densely packed, three-dimenssnaiture. Modifications in the folding
kinetics and transitions to “misfolded” states dateught to be involved in the
pathogenesis of many diseases commonly known dsraaational disorders, including
cystic fibrosis, type 1l diabetes, Alzheimer’'s aRdrkinson’s diseases. The global folding
of proteins typically occurs in the millisecond $econd time scale, but the underlying
fundamental molecular events such gdairpin or a-helix folding occur in the
microsecond or faster time scale. The methods gépemployed for studying folding or
unfolding kinetics are typically limited to the tamange of milliseconds or slower because
the process usually involves mixing buffers in steg-flow apparatus. A new generation
of kinetic experiments has emerged to investigagenhechanisms of protein folding on
the previously inaccessible sub-millisecond timealsc As a result, the earliest
conformational events related to folding, occurrimithin microseconds or less may now
be measured experimentally and interpreted. Laggyered fast initiation of the
folding/unfolding reaction coupled with fast detent techniques provides the tools to
probe these events in detail.

As the native conformations of peptides and prsteie normally sensitive to pH,
conformational changes can be initiated by a pHhghaHere, we propose to use a laser-
triggered pH change, which provides an interestiay to probe the early events in
protein folding/unfolding. With this technique, tpél jump occurs in few a nanoseconds
and lasts for several milliseconds. This fast protgradient protonates/deprotonates
ionizable residues of a protein or peptide prodycdifferent charged species, and
consequently conformational changes. Phototherma&thaods, like time-resolved
photoacoustic calorimetry (TR-PAC) have the abitiymeasure accurately enthalpy and
molar volume changes for reactions occurring wfttimes in the nanoseconds to tens of
microsecond time range. TR-PAC is likely the tedluei of choice to study fast events in
protein folding when a spectroscopic technique a$ applicable either because the
intermediates are “dark” or too short lived. Instiwvork, we proposed to use a pH-jump
methodology to trigger the folding/unfolding everdsupled with TR-PAC to monitor the
energetics and kinetics of pH-dependent foldingildifig of peptides and proteins.



Throughout this thesis, simple molecules such da@acid models, ao-helical
peptide and proteins were subjects of study to stigate protein folding, using a
combination of pH-jump and TR-PAC detection, andiofescence spectroscopy.
Complementary equilibrium structural informationsa@btained by methodologies such as
nuclear magnetic resonance (NMR) and circular dishm (CD). In the first stage, the
association of pH-jump and TR-PAC detection waslusdnvestigate the protonation of
amino acids models, which corresponds to the sarfeep in protein or peptide pH-
induced folding/unfolding events. Our results sigjgbat the protonation of negatively
charged carboxylic acids is accompanied by a volarpansion, while the protonation of
the uncharged inidazole groups leads to a volumé&action. On a second stage, a small
peptide similar to the C-peptide of RNase A, forgnanstablax-helix in aqueous solution,
was selected as a model system to explore the etiergand dynamics ofi-helix
formation. The C-peptide analogue investigated R&ES80 synthesized with specific side-
chain interactions, namely a salt-bridge armdstacking interaction that contributes to the
a-helix stability. Finally, we proposed the applioat of these methods to the study of
proteins, searching for intermediate states duheg folding/unfolding processes, such as
molten globule states. As a protein system modsline serum albumin (BSA) has been
selected because it undergoes partial unfoldingsiians under acid conditions.

In a parallel effort, the influence of refoldingnkitics on amyloid formation by
transthyretin (TTR) variants was studied. TTR ifamotetramer and one of the many
proteins known to be involved in human amyloid dses. Numerous studies showed that
dissociation of the native tetrameric structure ipartially unfolded monomeric species
precedes amyloid formation. Since the small strattdifferences observed in the crystal
structures of TTR variants do not seem to justiirt varying amyloidogenic potential, a
significant effort has been devoted to search fierrhodynamic and kinetic factors that
may play a critical role on TTR stability, in ordés fully understand the molecular
mechanism of amyloid formation by TTR. Here, we édngerformed refolding kinetics
assays, using intrinsic tryptophan fluorescenceh WWT-TTR and its most common
amyloidogenic variant V30OM-TTR, to investigate thetential role of refolding kinetics
on amyloid formation by TTR. Our results show thatgonditions close to physiological,
tetramerization of the amyloidogenic variant ocaitra rate significantly slower than WT-
TTR.



Resumo

Um dos maiores desafios na area da biofisica étum@sle mecanismos de
enrolamento de proteinas, isto €, como é que undeiagpolipetidica se enrola
rapidamente adquirindo a estrutura tridimensionafiva. Alteracbes na cinética de
enrolamento e transigdes para estados conformégio@a funcionais ou incorrectos estao
envolvidas na patogenia de doencgas graves comuséibristica, diabetes de tipo Il, e
doencas de Alzheimer e de Parkinson. Tipicamengnrolamento global de proteinas
ocorre numa escala de tempo entre os milisegunasssegundos. No entanto, eventos
fundamentais no processo de enrolamento, tal cofooracao de elementos de estrutura
secundaria coma-hélices e folhag, ocorrem na gama temporal dos microsegundos ou
menos. Apesar das técnicas experimentais tradioi@née aplicadas no estudo da
cinética de enrolamento/desenrolamento de protestasem limitados a escala de tempo
dos milisegundos, nas ultimas décadas foi deseid@olima nova geragéo de experiéncias
para investigar estes processos na escala dosiksdgomdos. Nomeadamente, técnicas
baseadas no uso de fontes de irradiacdo rapidsergjaque provocam uma mudanca
subita das condicdes do meio e promovem o enroladesenrolamento, tornando
possivel investigar em detalhe os eventos fundaiseméstes processos.

A conformagé@o nativa de uma cadeia polipeptidicarénalmente sensivel ao pH,
e a dinamica entre duas condi¢cfes de pH pode prada usando uma variacdo subita
de pH. Neste trabalho, propomos a utilizacéo devariacao subita de pH fazendo incidir
um pulso de luz laser sobre uma molécula que élEnttdes rapidamente. Esta variacéo
de pH ocorre em poucos nanosegundos e induz anpigdto dos residuos de aminoacidos,
promovendo de seguida o processo de enrolamergofdésmento. Métodos de detecgéo
como a calorimetria fotoacustica resolvida no tenipR-PAC) permitem determinar
mudancas de volume e deposi¢cdes rapidas de calsolegéio que ocorrem na escala de
tempo entre 0s nanosegundos e 0s microsegundestéEnica pode ser particularmente
Gtil quando as técnicas espectroscépicas nao séprigglas porque os intermediarios néo
séo detectaveis ou porque tém tempos de vida rouitos. Assim, a combinacdo de TR-
PAC com o rapido salto de pH apresenta potencidislaexcepcionais para a
monitorizagdo da cinética e a energética das mawei etapas do

enrolamento/desenrolamento de proteinas.

Xi



Neste trabalho, diversas moléculas foram objectestiedo, incluindo moléculas
modelo de amino&cidos, um peptideo com estruturaxdmélice e proteinas. As duas
metodologias aplicadas para explorar a cinéticameaalamente a combinacdo de TR-PAC
com o rapido salto de pH e a espectroscopia deeffeéncia. Outras técnicas, como
ressonancia magnética nuclear (RMN) e dicroismeulgr (CD), foram utilizadas para
obter informacéo estrutural.

Numa primeira fase, a combinacdo da técnica TR-RAG salto de pH foi
utilizada para investigar a protonacdo de moléauladelo de aminoacidos, uma vez que
a protonacgdo dos aminoacidos é o primeiro everdergado com uma variagao subita de
pH. Enquanto que a protonacdo grupos carboxilioomg@vem uma expansao de volume,
a protonacao do grupo imidazole no aminoacido neodel histidina é caracterizada por
uma contrac¢do de volume. Numa segunda fase, @pe@®N80 que apresenta estrutura
estavel enu-hélice foi seleccionado como um sistema modela prasestigar a energética
e dindmica da formacédo dehélices. Este peptideo possui interaccbes espeiéintre
cadeias laterais, nomeadamente uma ponte salimaaeinieraccdo de emparelhamento
entre anéis que contribuem para a estabilizacaw-tlice em solugdo aquosa. Por fim,
aplichmos estas metodologias ao estudo de profeénasnvestigar estados intermediarios
no processo de enrolamento/desenrolamento. Conteiqeomodelo, foi seleccionada a
albumina do soro bovino (BSA) que sofre alteracpasa estados conformacionais
parcialmente desenrolados em diferentes pHs.

Paralelamente, de forma a explorar o efeito daticem de enrolamento na
formacdo de amildide foram realizados estudos conpr@eina homotetramérica
transtirretina (TTR), que é uma das muitas progeravolvidas em doencgas amildides.
Vérios estudos demonstraram que ocorre a dissacidgd tetrameros em espécies
monoméricas parcialmente desenroladas, que subdemente agregam, originando
oligébmeros sollveis e posteriormente fibras amégid\s estruturas de diversas variantes
de TTR revelam pequenas diferencas que nédo jastifia variacdo no potencial
amiloidogénico. Assim, tem sido feito um esforco pracura de factores cinéticos e
termodinamicos que desempenhem um papel impomangstabilidade da TTR, de forma
a compreender em detalhe o mecanismo moleculaciadsoa formacdo de amildide.
Usando a técnica de fluorescéncia intrinseca, fomparadas as cinéticas de
enrolamento da TTR normal e da variante amiloidmgé30M-TTR e possivel relacéo
com o potencial amiloidogénico. Os resultados eraeh que a cinética de enrolamento da

variante amiloidogénica € mais lenta.
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Objectives and Thesis Outline

The general objective of the present study wash#wacterize the early molecular
events in protein folding and unfolding. The untlmding of the energetics and kinetics
of these fundamental first events will certainlytthute to a deeper understanding of the
overall protein folding and unfolding processesolder to probe the very fast early events
in protein folding and unfolding, we used time-fleed photoacoustic calorimetry (TR-
PAC) coupled with a laser triggered pH-jump techeido initiate the folding or unfolding
processes of the biomolecules under study. Thasvelll to characterize kinetics, enthalpy
and volume changes upon folding/unfolding, in mogeptides and in proteins. To
characterize the equilibrium conformational statethe biomolecules, at several pHs, we
used two-dimensional homonuclear magnetic reson@iz&MR) and circular dichroism
(CD). We have applied these methodologies firsartono acid models and then taxa
helical model peptide andcahelix rich protein. Furthermore, experiments castdd with
a conventional method to measure protein foldirigtrinsic tryptophan fluorescence -
emphasizes differences in the folding rates oftransthyretin (TTR) variants, which may
be related with their amyloidogenic potential.

The work developed focused on four main points:

1. Establishing the experimental setup necessarpetrform laser induced pH-jump
experiments coupled with time-resolved photoacousdilorimetry detection in agueous
solutions, and apply the methodology to the stuidsimple molecules, namely ionizable

amino acid models.



2. Investigating folding/unfolding events arhelices using a small model peptide similar
to the C-peptide, a protein fragment from the proteovine pancreatic ribonuclease A
(RNase A) forming a stablke-helix in agueous solution, previously charactetibg NMR
and CD. Analyse the role of specific interactionshs as salt-bridges ammstacking

interactions on tha-helix folding/unfolding kinetics and stability.

3. Applying our methodology to more complex biolagi systems, such as the study of
early events of folding/unfolding in proteins. Assgstem model we used bovine serum
albumin (BSA), which undergoes a partial unfoldiransition at low pH, losing a fraction

of its a-helical content.

4. Investigating a possible relation between fajdimtes and amyloid formation
propensity. As a case study we compared the foldites of wild-type transthyretin (WT-
TTR) and one of its most common amyloidogenic vasa V30M-TTR. Intrinsic
tryptophan fluorescence was the detection methledteel to follow the refolding kinetics
of both TTR variants.



The thesis consists of eight chapters, includingeeral introduction and a final
chapter containing an overall discussion, conchsi@nd perspectives. A more detailed
description of the main chapters follows.

Chapter 2 gives a brief introduction on proteifse tomplexity of the protein
folding problem and how it can be dissected by yhgl early events in protein folding
such as the formation of regular secondary strat®lements, including-helices angb-
structures. A short glimpse on theoretical modelgetbped to explain protein folding and
experimental strategies currently employed are g@sssented. The relation between
protein misfolding and disease is highlighted, amtigular the amyloid diseases promoted
by the homotetrameric protein transthyretin andatsants.

Chapter 3 describes the theoretical backgroundhefnhain detection method
employed throughout the thesis, time-resolved prmiostic calorimetry (TR-PAC), along
with relevant methodological issues such as theemxgntal setup, analysis of time-
resolved photoacoustic data, as well as, the ma@hgoroperties of photocalorimetric
reference compounds, especially required for amdstection. In addition, the chapter
aims to give an introduction in the combinationlager-induced pH jump with TR-PAC,
which enables the study of folding processes on rtheosecond and microsecond
timescales. The mechanistic details about dhetrobenzaldehydeofNBA) photolysis,
which is directly responsible for the creation b tpH jump, along with the typical
photoacoustic signals resulting from its photolygi855 nm are also presented.

Chapter 4 introduces the importance of amino awittsionizable side chains and
how their acid-base behaviour can play importatésran enzyme catalysis, substrate
binding and protein structure. In this chapter piimary purpose was to fully understand,
at molecular level, fundamental events occurringinguthe protonation of individual
amino acid models. The protonation of amino acidgespond to the earliest step in
protein or peptide pH-induced folding/unfolding pesses. Hence, it is essential to
characterize the energetics and kinetics of thestemation reactions.

Chapter 5 presents a classical NMR work on therchatation of a peptide
structure, in different pH conditions. A proteiragment forming a stabla-helix in
aqueous solution, RN80 (an analogue of the C-Petaim RNase A), has been selected
as a model system to explore the energetics andnags of a-helix formation. In
addition, far-UV and near-UV CD have been usededport further structural details.
These structural details were essential to sehecinitial pH conditions to perform the pH

jump experiments. Detection of folding/unfoldingeets using TR-PAC measurements



allowed the determination of folding and unfoldkigetics, volume changes and enthalpy
changes for these events. Moreover, correlatiohsdsn structure and folding could be
inferred.

In Chapter 6, we explore conformational changesba¥ine serum albumin
(BSA), a mainlya-helical protein, which undergoes a partial unfeddiransition at low
pH essentially due to protonation of Asp and Glsidees. TR-PAC allowed the
determination of rates of protonation and an edénud the number of Asp and/or Glu
carboxylate groups being protonated could be iaterfrom the kinetic data. Further
conformational changes were not detected by nanode@solved PAC. However, using
the 0.5 MHZ transducer a slow conformational chaogea microsecond timescale has
been detected.

Chapter 7 describes intrinsic tryptophan fluoreseestudies to explore the
folding of the homotetrameriprotein transthyretin (TTR), one of the many pnatei
known to be involved in human amyloid diseadd® chapter focuses on the differences
in folding rates of two TTR variants, WT and V30M-, and the possible implications in
amyloid formation.

Finally, Chapter 8 highlights the main conclusidrem all previous chapters.
Each chapter is constructed so that it can be imd&bendently. As a consequence, in
every chapter the problem is briefly introduced anmelevant background history of prior
results is presented. Being so, the reader wilicacthat some important background
information is repeated on several occasions, édpyjeahen directly related with the data

interpretation and where it is critical for thealission.



General Introduction

Proteins are polymers of amino acids covalentlydihthrough peptide bonds into
a linear chain. Each of the twenty common natwadlgurring amino acids contains a
central a-carbon, ana-amino group, aru-carboxylic acid group, and asmside chain.
These side chains (or R groups) may be either dangaolar and uncharged, or charged,
depending on the pH angK, of the ionizable group. Proteins are the most viesa
macromolecules in living systems and serve crdaiattions in essentially all biological
processes. In addition to serve as structural madégdan all living organisms, proteins are
involved in such diverse functions as gene expoessinetabolic regulation, transport,
defense, and catalysis. Given the multitude ofrtra@es, it is not surprising that proteins
are the most abundant molecules in biology, aparh fwater, and that even the simplest
organism contains about 1000 different types ofging (Dobson 2004).

Chain-polymers of amino acids are synthesizederrithosomes based on genetic
information. Upon synthesis, a newly translatedypeptide chain must fold into its
unique three-dimensional conformation, bind anylsmalecule cofactors required for its
activity, be appropriately modified by protein k#es, glycosylases, or other protein-
modifying enzymes, and in the case of oligomeriotgins, assemble correctly with the
other protein subunits with which it functions. Theformation needed for these
maturation steps of the protein is ultimately comgd in the sequence of linked amino
acids that the ribosome produces when it transkte@aRNA molecule into a polypeptide
chain. However, proteins do not always fold cotyeaespite the existence of a complex

cellular machinery of protein control. Incorreckding is being recognized as the cause for



an increasing number of age-related diseases,dimgjuAlzheimer's and Parkinson’s
diseases as well as other neurodegenerative disorde

The native conformation of a biologically activeofgin must be energetically
stable and from a thermodynamic point of view itnBuenced by several contributions,
such as the hydrophobic effect, the energy of lyelndbonds, the energy of electrostatic
interactions, and the conformational entropy duthérestricted motion of the main chain
and the side chains.

The hydrophobic effect has long been consideredntagr driving force of
protein folding as it leads to a rapid collapsetttég polypeptide chain, thereby largely
reducing the conformational space to explore (D9B0). Basically, it demonstrates the
tendency of hydrophobic amino acids to hide awaynfthe aqueous environment and
form a hydrophobic core, while the hydrophilic amiacids remain at the surface. Large
proteins can complete this task within minutes,levemall proteins can do it in less than
milliseconds.

Hydrogen bonds have also been recognized as havicgntribution to protein
stability as important as the hydrophobic effedad et al. 1996). In fact, the secondary
structure of proteins, which is defined as the llamanformations of the polypeptide
backbone, and characterized by regular repeatingtstes such ashelices angh-sheets,
is the result of hydrogen bonding between the arpidéon of one peptide bond and the
carbonyl oxygen of another peptide bond in closipnity to the first.

While hydrogen bonds and hydrophobic forces areerdigdly nonspecific,
electrostatic interactions are largely specificd aherefore play an important role in
specifying the fold of a protein as well as in pintflexibility and function (Kumar &
Nussinov 2002). While conventional chemical intuitiexpects salt bridges to contribute
favorably to protein stability, computational andperimental evidence shows that salt
bridges can be stabilizing or destabilizing.

Folding a long chain into a specific, compact dtite clearly results in a
significant conformational entropy decrease. Thiscounterbalanced by the various
intrachain interactions contributing to enthalpycrase, such as hydrogen bonds and
electrostatic interactions but also by the entrojyease due to the hydrophobic effect.
The resulting overall stability of the protein isarginal, being on the order of
5 - 10 kcal mof (Dill et al. 2008). Qualitatively, it is known ththe hydrophobic effect
and hydrogen bonds are the major stabilizing doutions and the conformational entropy

is the major destabilizing one (Jaenicke 2000).



2.1 The Protein Folding Problem

The protein folding “problem” or the question ofvlha protein’s amino acid
sequence dictates its three-dimensional atomictsire first emerged around 1960, with
the appearance of the first atomic-resolution pnad&ructures. Since the work of Christian
Anfinsen in the 1960s and 1970s, it has been dleatr the essential information that
encodes the structure of proteins is containedinvitie amino acid sequence (Anfinsen
1973). The way in which such information is encqdsalvever, has only recently begun
to emerge, as a result of the combined applicaifoa wide range of experimental and
computational approaches.

Protein folding can be viewed as three differertbfgms:(1) the folding code:
the thermodynamic question of what balance of &ttenic forces dictates the structure of
the protein for a given amino acid sequen(®; protein structure prediction: the
computational problem of how to predict the nasteicture of a protein from its amino
acid sequence(3) folding speed (Levinthal's paradox): the kinetisegtion of how a
protein can fold so fast and what routes or patlswsme proteins use to fold so quickly
(Dill et al. 2007; Dill et al. 2008; Dill & MacCalim 2012). An important goal in the study
of folding is to develop models that can make qitatinte predictions about the effects of
different factors such as amino acid sequences) tbpology, pH, salt concentration and
temperature on the kinetics and thermodynamics hef folding process. Thus, the
development of suitable experimental and computationethodologies to assess the
structural and thermodynamic properties of theedéfit species involved in folding, as
well as the kinetics that relate them is of criticaportance. In particular, one of our main
goals in the present work is to investigate théyearents occurring in protein and peptide
folding induced by ultrafast pH changes. These exmts allow the investigation of the
role of ionizable amino acids and the effect ofirthgotonation in peptide and protein
folding/unfolding, as well as, their contributiomrfthe formation of basic structural
elements such ashelices,-hairpins and loops.

Over the years, the concept of folding pathwaysivatgéd a large number of
experimental and theoretical studies and severaleiaodescribing the folding process
have emerged, such as the nucleation/growth mdidtision—collision—adhesion model,
framework model, among many others. Table 2.1 ds=tithe most important aspects of

some theoretical models used to describe the @lpincess. The many models of protein



folding are not mutually exclusive and try to explalifferent aspects of folding, and
experimental results give some support to each mbdthe 1990s, a new view of protein
folding gained popularity: the energy landscapew{#vVolynes et al. 1995; Dill & Chan
1997). This theoretical formalism describes thegpesion of unfolded polypeptide
chains along an energy landscape towards the camatiee structure (Figure 2.1). In this
landscape view of folding, the denatured statdefprotein populates a large ensemble of
structures. The polypeptide chain may then fold noynerous pathways, potentially
adopting multiple partially folded ensembles enteoto the native state (Onuchic &
Wolynes 2004). For small proteins this landscapgeears to be funnel-like and represents
the evolutionary selection of polypeptide sequenakte to fold rapidly and reliably
towards a unique native state (Figure 2.1(A)) (\Afattet al. 2007). On the other hand,
larger polypeptide sequences have rougher enenggdapes, allowing the population of
partially folded states that may be on- or off-hpedy to the native state (Figure 2.1(B))
(Vendruscolo et al. 2003; Brockwell & Radford 200Furthermore, in must cases a point
mutation represents a small perturbation to theggriandscape. Being so, the basic shape
of the funnel and the location of the global minimis similar, and the mutant protein
will fold into essentially the same structure as thld-type protein (Nelson & Onuchic
1998). This observation underlies the most commombed method of predicting

structures: homology modeling (Zhang & Skolnick 200
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Figure 2.1: Schematic representation of funnel-shaped enemgscapes. The width of the

funnel represents the conformational freedom ofctien. The vertical axis represents the free
energy: as free energy decreases, the nativenabge chain increases. Denatured (unfolded)
states are at the top of the funnel including aatirensemble of structures containing both
elements of native and non-native interactions levtiie native state is the global minimum.
(A) Example of a smooth energy landscape, througiclwthe polypeptide chain is effectively

funneled to the native structure. (B) Example ahare rugged landscape, through which the
polypeptide chain has to navigate, possibly via onenore populated intermediates, to the
native state. (Adapted from Bartlett & Radford 2D09



Table 2.1: Examples of some theoretical models used to desthie protein folding process.

M odel M echanism Refer ences

The rate-limiting step of the folding process is a

nucleation event, presumably the formation of
Nucleation/growth structural units, and once nucleation occurs the (Wetlaufer 1973)

nuclei grow fast and the folding process rapidly

completes.

Fluctuating microdomains (portions of secondary (karplus & Weaver

structure or hydrophobic clusters) move 1976)
Diffusion-collision diffusively and repeatedly collide with each

other. Collisions can lead to a coalescence of théKarplus & Weaver

microdomains into larger units. 1994)

The folding process is hierarchical, starting with
the formation of the secondary structure
Framework elements, and the docking of the pre-formed (Baldwin 1989)
secondary structure units yield the native, folded
protein.

The hydrophobic effect is the main driving force
of folding, and the process starts with a rapid
collapse of the chain, followed by the formation
of the secondary structure.

Hydrophobic collapse (Dill 1985)

Combine the features of both the framework and

the hydrophobic collapse mechanisms; (Fersht 1995)
Nucleation-condensation Long-range and other native hydrophobic

interactions form in the transition state to (Fersht1997)

stabilize the otherwise weak secondary structure.

2.1.1 Dynamics of Elementary Eventsin Protein Folding

One solution to reduce the magnitude of the foldmmgblem is to divide the
folding process into elementary events, whose dymgoperties can be investigated
using suitable model compounds (Eaton et al. 2B@€guson & Fersht 2003). One of the
essential events during the folding of a proteirthie formation of regular secondary
structural elements, such ashelices angs-structures, or even the formation of loops in

oligopeptides. Estimates of the timescales of thekevant early events in protein folding



can therefore be of critical importance for the ensthnding of the overall folding process
of a protein, which results from a complex seridsewents including specific and
nonspecific chain collapse, formation of secondary tertiary contacts and desolvation of
the polypeptide chain (Ferguson & Fersht 2003).

Thea-helix is a structural element highly ordered, Bizdd by local interactions.
In particular, backbone hydrogen bonds betweenitthend the i(+ 4)th residues are
responsible for the integrity of arhelix. AlImost 50 years ago, the kinetics of helbit
transition in polypeptides was first investigatezing ultrasonic relaxation methods and
found to occur in nanoseconds (Schwarz 1965; Han&rieeberts 1969). More recently,
using infrared spectroscopy (IR) (Williams et a@96), fluorescence (Thompson et al.
2000) and UV resonance Raman (Lednev et al. 19@8@kr T-jump experiments
determined the folding rates for Ala-rich oligogdpthelices to be on the order of 500 ns.
Furthermore, T-jump experiments were also applethtestigate the folding kinetics of
the neuroactive peptide Conantokin-T (Con-T) remgah folding rate around 700 ns (Du
et al. 2007), and Gai and coworkers (Mukherjed.€2G8) found that the helix from the
ribosomal protein L9 from Bacillus stearothermopgilexhibits a much slower T-jump
relaxation kinetics, about gs, than equivalent Ala-rich peptide helices. Mugbtwsr
relaxation kinetics in stable, protein-like heliceas been suggested due to a higher
entropic cost associated with the alignment of alamine side chains, and breaking of
stronger side chain interactions (Eaton et al. 20B@wever, bulky side chains were
found to have no effect on thehelix folding kinetics in oligopeptides (Petty &olk
2004) andr-helices in proteins also appear to form on theesaimescales as those in Ala-
rich peptides (Gilmanshin et al. 1997). In additierperiments using laser induced pH-
jump and photoacoustic detection showed that theinip rate of poly-L-lisine and
poly-L-glutamic polypeptide is around 300 ns (Abtwetti et al. 2000; Bonetti et al.
1997). In the present work, an analogue of the weidied C-peptide from bovine
pancreatic ribonuclease A (RNase A) has been selext a system model to investigate
the role of ionizable amino acids on its foldingdynics (Chapter 5).

S-hairpins correspond to the simplestsheet, and formed with just two
antiparallelg-strands. Compared to tlehelices, peptide models for tifesheet structure
presente more of a challenge, predominantly ddleetio tendency to aggregate. A suitable
model was found in the C-termingihairpin from the GB1 protein (Blanco et al. 1994).
From laser T-jump experiments, the GBthairpin was found to fold in a few

microseconds (Mufioz et al. 1997). Thdairpin folds much slower due to a significant
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entropy barrier, which arises because non-locarirgsidue contacts must form. More
recently, otherg-hairpin peptide models have appeared, such agsoplypn zippers
(trpzips), stabilized by two pairs of Trp residueghose folding kinetics has been
intensively studied using laser T-jump methods {®ebal. 2004; Du et al. 2004; Yang &
Gruebele 2004). Investigation of several trpzipggasts that turn formation is the rate-
limiting factor ing-hairpin folding.

In Table 2.2 is shown the rate of formation of sopeptide fragments forming
a-helices,A-hairpins and loops previously studied. These stiduggest that the folding
rate of f-hairpins is in general slower than the estimatedifthelical peptides, and loop
formation times are less than 0.jt6, much faster than the formation wfhelices and

[hairpins of comparable length (Kubelka et al. 2004

Table 2.2: Rate of formation of different structural elememt proteins (Adapted from
Kubelka et al. 2004).

L oop sequences Teontact (1S) References
C-(AGQ);W-NHy; n = 1-6 0.02-0.1 (Lapidus et al. 2002)
Xan-(GS)-NAla-GS; n = 1-28 0.007-0.16 (Krieger et al. 2003)
Xan-§-NAla-GS; n = 2-11 0.012-0.03 (Krieger et al. 2003)
a-helical peptides Thoiding (RS)
Ac-YG(AKA 3),AG-NH, 2.0 (Wang et al. 2003)
Ac-YGG(KA,):K-NH» 0.7 (Werner et al. 2002)
As(AsRA)A 0.8 (Lednev et al. 1999)
Ac-WAH (A3RA);A-NH, 0.4 (Thompson et al. 2000)
Bhairpin peptides Trolding (1S)
(GB1) GEWTYDDATKTFTVTE 6 (Mufioz et al. 1997)
(trpzip4) GEWTWDDATKTWTWTE 13 (Xu et al. 2003)
(peptide 1) SESYINPDGTWTVTE 0.8 (Xu et al. 2003)

NAla — naphtylalanine; Xan — xanthone.
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2.2 Experimental Methodologiesto Monitor Protein Folding

Especially during the last two decades a seriexonsiderable advances in both
theory and experiment have lead to a significanéifer understanding of the underlying
principles behind protein folding, as documentedsaveral reviews (Plaxco & Dobson
1996; Roder & Shastry 1999; Brockwell et al. 20B@rtlett & Radford 2009; Buchner et
al. 2011). The introduction of high temporal resioln experimental methods, such as
laser-pulsed techniques to trigger folding proced#s@anoseconds has had a major impact
in experimental, theoretical and computational istsidf protein folding. These techniques
made possible the investigation of the mechanisrfowhation and time scales of the
elementary events in folding, including polypeptitieain collapse and formation of the
basic secondary structure elements suah-hslices,f-hairpins and loops. The dynamics
of these elementary steps sets a lower limit fertimescale of folding. Table 2.3 is shows
several experimental detection methods that hagra bsed to probe specific properties of
proteins or peptides during folding. Some are @s®mon, as they required specialized
resources. For example, small-angle X-ray scagdi®AXS), which provides information
on the dimensions and the shape of the polypepticdén (Lipfert & Doniach 2007),
requires a synchrotron X-ray source. Pulsed elecpraramagnetic resonance (EPR)
techniques in combination with spin labeling aslvasl liquid flow EPR have also been
applied to investigate protein folding (Grigoryastsal. 2000). Another example of a less
commonly used technique is time-resolved photodimuaalorimetry (TR-PAC) because
it requires a cell specifically designed for phaimastic measurements. However, this
technique can provide in a single experiment, kisend enthalpy changes. In our
laboratory, a new time-resolved photoacoustic caletry flow cell coupled with
temperature control and automatic injection hastesigned to avoid the large sample
consumption associated with the sample flow systachimprove the temperature control
system (details in Chapter 3). In addition, othethmds such as fluorescence, circular
dichroism (CD) in the far- and near-UV regions amgtlear magnetic resonance (NMR)

have been used to obtain either structural or kim@&tformation.
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Table 2.3: Experimental techniques used to investigate prdtding (Adapted from Bartlett
& Radford 2009).

Time

<ale Infor mation content

Technique

- Environment of (predominantly) Trp side chaifsptigh measurement

of intensity and\imax, Trp can be introduced (or removed to create a
Fluorescence >nd single-tryptophan protein) by protein engineering

- Extrinsic fluorophores can also be engineereal tiné protein

Far-Uv CD > us - Overall protein secondary structural content
- Packing of aromatic residues
Near-UV CD >pus’ - Only strong interactions give a near-UV CD signal

- Secondary structure content predominantly throthghamide | band
(mainly amide C=0 stretch, 1600-1700 Ymwhich is sensitive to the
polypeptide backbone conformation due to charasttericouplings

Infrared Spectroscopy >pus? among local amide modes

(IR) - Combined with solvent-exchange, information abdutdrogen-
exchange protection can be obtained

ANS (1-anilino-8- - Exposure of aromatic surface area

napthalene sulfonic >pus’ - ANS should not perturb folding

acid) binding
- Molecular ruler, dependent on the distance batwe® fluorophores
(r® assuming free rotation of the dyes)

FRET - Information about rapid fluctuations is possible

(Foster resonance >pd - Intrinsic Trp, if present, often serves as a domith several options for

energy transfer) the acceptor; careful design needed to incorpomes without
perturbing folding
- Correlation time measurements provide informatiiout the shape

Anisotropy >pus and size of the molecule

- The average radius of gyration

SAXS (Small-angle X- >pus’ - Dimensions and shape of a polypeptide chain eapbitained

ray scattering)

- Environment of chromophore (peptide bond, aroemaBsidue or
Absorbance >nd extrinsic moiety may be used)

Real-time NMR >min - Structural information via chemical shifts andaserement of NOEs

- Hydrogen exchange protection of folding internag¢es on a per-

Pulsed H/D exchange > ms residue basis

by NMR

- Hydrogen exchange protection of folding populasio

Pulsed H/D exchange - Quantification of the population of species withheterogeneous

by ESI-MS 2 ms ensembles with different hydrogen-exchange properti
Depens on Role of individual residue in determining the eradf folding and
: . . stability of species of interest
Protein engineering thispergbe - Probes the role of a specific contact in theiBtaltion of intermediates

Time-Resolved
Photoacoustic >ns
Calorimetry (TR-PAC)

- Structural information of volume changes, entialthanges and
kinetics upon folding/unfolding in a single expeent

& The timescale depends on the method used toténttie folding: temperature jump (ns), pH jump (psgssure jump
(ps), ultra-rapid mixingys), stopped-flow (ms) or manual mixing (s).
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Table 2.4 shows several methodologies to initibge grocess of protein folding
on a short timescale. In the present work, we pegahe application of a pH jump
technique to explore the role of ionizable amina aesidues on the folding of peptides
and proteins. As an example, using this techniqgue can perturb a peptide on site
specific regions and understand the importance atitbsidges as well as-stacking
interactions when specific amino acids are invoh\sdth as histidine (His), glutamic acid
(Glu) and aspartic acid (Asp) (details in Chaptand 5).

2.3 Protein Misfolding and Disease

Native states of proteins represent the most thdymemically stable
conformation under physiological conditions. In alldar environment, molecular
chaperones help to protect the incompletely foldetypeptide chains from aggregating
(Frydman 2001). Even after the folding processomglete, a protein can subsequently
experience conditions under which it unfolds, astepartially, and then it is again prone
to aggregation. The failure of a specific proteimatopt or maintain its native functional
conformation under all appropriate physiologicahditions may lead to a wide range of
diseases with different pathological mechanismo(fids et al. 1995). Examples of these
diseases include cystic fibrosis, some forms of legeema, and a variety of senile
dementias including Alzheimer's disease. The liater member of the family of diseases
known as amyloidoses, which also includes the pdiseases such as bovine spongiform
encephalopathy (BSE) and Creutzfeldt-Jakob diseadéch are associated with the

aggregation of normally soluble proteins and forarabdf insoluble amyloid fibrils.
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Table 2.4: Techniques to trigger protein refolding/unfolding sub-millisecond timescales.
These methods of initiating folding when combinedthwa suitable detection method
(described in Table 2.3) allow to resolve fast a¢sem protein folding (Adapted from
Brockwell et al. 2000).

Technique Dead Comments
time

- A rapid shift of the folding equilibrium can bewgsed by
changes in the environment of the protein, in thetgin
molecule itself by photodissociation of a ligandectron
transfer or by specifically designed photoswitches.

- Proteins with prosthetic groups are frequentlyd&d by
this technique.

Optical triggering <ns

- Laser used to rapidly heat water molecules, ¢
folding/unfolding.

- The temperature jump (T-jump) can only increake t
sample temperature. As a consequence, the equitibshift
is toward the unfolded states, except when theepraan be
cold denatured.

Temperature jump Ons

- A sudden increase in pressure initiates protifolding,
while for a pressure unfolded protein, the decrease
pressure triggers refolding.

- The pressure jump can be induced as repetitiesspre
pulses by a stack of piezoelectric crystals or asingle
pressure jump using a mechanical valve.

- No mixing artifacts and the experiment can beeated
many times on the same sample.

- Only small changes in equilibrium can be measured
however, as >1000 bar is required to fully denajpuateins.

Pressure jump 50s

- Turbulent flow causes rapid mixing. Easy to clesglvent
conditions.

- Results can be compared directly with stopped-flow
methods.

Ultrafast mixing 5Qus

- Photoacids and photobases can be applied to éndac

ultrafast pH jump upon laser irradiation.

- Only specific regions of the polypeptide chaia perturbed
<ns and relationships between protein structure andirfgl or

unfolding can be inferred.

- Proteins should not absorb at the excitation Vesgth

used to promote the pH jump.

Laser-induced
pH jump
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Amyloidoses are classified based on the main prdteiming amyloid fibrils and
today include 30 different human proteins (Sipalet2012). One of the many proteins
involved in human amyloid diseases is transthyréliiR). TTR is a homotetrameric
serum and cerebrospinal fluid protein that trantspdhyroxine (T) and retinol in
association with retinol binding protein (RBP). &ases such as familial amyloid
cardiomyopathy (FAC), familial amyloid polyneuropgt (FAP) and senile systemic
amyloidosis (SSA) are caused by the formation oRTamyloid aggregates and fibrils,
which accumulate in human tissue and interfere tithnormal organ function (Brito et
al. 2003). SSA is characterized by deposition dfape TTR amyloid in parenchymal
organs in the elderly population. By contrast, fibéllar aggregates in FAC and FAP are
essentially constituted by TTR-variants resultimgni hereditary point mutations, of
which over 100 amyloidogenic ones have been destrim far. Thus is the case of the
V30M-TTR variant implicated in the most common FAe, a very debilitating, with
very poor prognosis, autossomal dominant disea$ectafy individuals from their
twenties in several countries, including Portugapan, Sweden and the USA (Brito et al.
2003). In Chapter 7, it is described not only timeektigation into the folding pathway for
WT-TTR tetramer, but also how the single point iataV30M affects the TTR folding
rate and if there is any correlation between fajdimd amyloid fibril-forming propensity.
These experiments have been conducted monitormgnthinsic tryptophan fluorescence
of TTR.
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Table 2.5: Human diseases associated with the formation gladhdeposits (Adapted from

Chiti & Dobson 2006).

Aggregating protein or peptide

Disease

Transthyretin

a-Synuclein
Amyloid S peptide
S2-microglobulin

Amylin, also called islet amyloid polypeptide
(IAPP)
Prion Protein

Keratins

Lysozyme

Familial amyloid cardiomyopathy
Familial amyloid polyneuropathy
Senile systemic amyloidosis

Parkinson’s disease
Alzheimer’s disease

Hemodialysis-related amyloidosis

Type |l diabetes

Creutzfeldt-Jakob disease
Cutaneous lichen amyloidosis

Lysozyme amyloidosis
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Time-Resolved Photoacoustic Calorimetry:

Theory and Applications

3.1 Photoacoustic Effect

More than a century ago, Alexander Graham Bedt fbserved the photoacoustic
effect (Bell 1881). According to the very terms did®y its discoverer, the photoacoustic
effect isthe production of sound by light. Absorption of pulsed or modulated light by a
sample (solid, liquid or gas) generates heat dubdoadiationless processes that follows
the excitation of a sample. Pressure waves (acowstves) are then produced as a result
of the thermal expansion due to local heating @anattiral volume changes of the sample
and the surrounding medium. The practical use difsBgiscovery had to wait almost one
century until suitable measuring techniques wereeldped in the 1970s. These
technigues use either continuous modulated lighflash excitation, and the pressure
changes are detected by a microphone or a pietoelgansducer.

The application of the photoacoustic effect to shely of time-resolved enthalpy
and volume changes was introduced by Callis, PaasonGouterman in the early 1970s
by measuring flash-induced volume changes in plaotbhstic materials, using a
suspension ofhromatium chromatophores (Callis et al. 1972). The experireenployed
a capacitor microphone that measures the volumegesapromoted by the thermal
expansion or contraction resulting from enthalpardes as well as those caused by

volume changes between reactants and productstimbeesolution approached 108.
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In 1985, the time resolution of photoacoustic datetry was subsequently extended onto
the 100 ns time scale following the introduction mézoelectric transducers for the
detection of acoustic waves and a nanosecond fasdight initiation of the reactions
(Rudzki et al. 1985). The photoacoustic calorimé&chnology was adapted from the
photoacoustic spectroscopic methods developed tBf Bad Tam (Patel & Tam 1981).
Further modifications in cell design (Melton et 4B89; Arnaut et al. 1992) and new
materials such as thin films of polyvinylidene ddtide for detection of acoustic waves
(Heihoff & Braslavsky 1986; Komorowski & Eyring 198 have extended the time
resolution of photoacoustic calorimetry to nearl/ris. Nowadays, we can listen to the
sound produced by reacting molecules with the tresolution of a few nanoseconds
(Peters 1994).

Currently, the photoacoustic effect has a broadyganf applications from
medicine to fundamental problems in chemistry. dmtipular, photoacoustic tomography
(PAT) is a methodology that has been developedikaj the past decade and can be
used to obtairin vivo imaging from organelles to organs, and have skyemanising
applications explored in vascular biology, oncol@gy dermatology, among many others
(Xu & Wang 2006; Wang & Hu 2012). In chemistry, seal studies using time-resolved
photoacoustic calorimetry (TR-PAC) have shown tR&C waves carry important
information on structural volume changes (Callisletl972; Westrick et al. 1987; Gensch
& Braslavsky 1997; Chakrabarty et al. 2008), absonpcoefficients of transient species
(Arnaut & Pineiro 2003), the characterization diddtiquid interfaces (Serpa et al. 2008),
the thermodynamics of ligand binding to proteinarflen & MikSovska 2007; Miksovska

et al. 2008), among others.

3.2 Biochemical Applications of Time-Resolved Photoacoustic

Calorimetry

Over the years, TR-PAC theory and its applicatitmsa variety of reactions
encountered in organic and organometallic chemisanyd biochemistry have been
thoroughly reviewed by several authors (Tam 1986gRR & Snyder 1988; Peters et al.
1991; Braslavsky & Heibel 1992; Peters 1994; McLetial. 1998; Gensch & Viappiani
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2003). Unlike time-resolved optical techniques, aithaire highly sensitive to the structural
changes in the vicinity of a specific chromophotiee advantage of photoacoustic
calorimetry is in its ability to monitor the magmites and time profiles of overall volume
and enthalpy changes of a photo-initiated readbpmonitoring the acoustic waves. In
fact, TR-PAC is useful not only to obtain a kinetiescription, the energetics, and the
conformational and hydration changes that occuringuchemical and biochemical
transformations, but also to detect conformati@halinges that are optically silent.

In organic chemistry, TR-PAC experiments allow nweasure the reaction
enthalpies for highly reactive species such ascadsli and bond dissociation enthalpies
(Muralha et al. 2004; Nunes et al. 2006; Correiale004; Nunes et al. 2009), while in
organometallic chemistry a number of metal-ligantgtal-hydrogen, and metal-metal
bond enthalpies have been obtained (Peters 19%fkdMer, photoacoustic measurements
have been applied to examine a great variety afhigimical processes. In particular, the
dynamics of proton pumping in bacteriorhodopsint @tParson 1979), the dynamics of
photodissociation of carbon monoxide from carboxggigbin (Norris & Peters 1993)
and carboxyhemoglobin (Peters et al. 1992) and exy§om human and bovine
oxyhemoglobin (Chen et al. 2004), the energeticghef intermediates formed in the
bleaching of the protein rhodopsin (Marr & Pete@91), electron transfer in reaction
centers and the photophysics and photochemistryhefplant photosensor pigments
phytochrome and chlorophyll (Arata & Parson 198bhEn et al. 1986), among many
other problems in biochemistry.

In the field of protein folding research, a numbémethods have been developed
to extend the time window of observation of thetgiro unfolding/folding processes from
the microseconds to the nanosecond regime, andotheerve the early steps of protein
folding. Among these methods, TR-PAC combined wdither photolabile caging
strategies or laser-induced pH jump tecnhiques imereasingly popular method to study
protein folding. The photochemical trigger typigalised to promote an ultrafast pH jump
is the caged photolabile compoumdnitrobenzaldehyde ofNBA). One of the most
extensively investigated proteins using the pH jueghnique is apomyoglobin (ApoMb).
Several experimental techniques have revealedaghid,rsub-millisecond development of
a compact acid intermediate in the ApoMb foldingdtic pathway (Jennings & Wright
1993; Eliezer et al. 1995). Laser-induced pH jumithwR-PAC detection has been
applied to examine the structural volume changesrapanying the early events leading

to the formation of the compact acid intermedidté&poMb in the presence of 200 mM
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GuHCI (Abbruzzetti, Crema, et al. 2000), and in #fssence of denaturant (Miksovska &
Larsen 2003). Abbruzzetti and collaborators havewshthat beside the volume and
enthalpy changes associated with the proton rekeaseo-NBA two additional processes
were observed. The first process accompanied @xpansion occurred with a lifetime of
100 ns and was attributed to the protonation db@aylic acids. This was followed by a
large contraction of approximately -82 ml Malith a lifetime of 2.4us, and the slower
process was assigned to structural changes taking during the ApoMb unfolding. In
the absence of denaturant, Miksovska et al obseavadaller volume decrease of about
-22 ml mol* with a lifetime of 620 ns.

Polypeptides that fold intax-helix structures, such as poly-L-glutamic Acid
(PLG) and poly-L-lysine (PLL), were used as modgdtems to investigate the early
events in acid-induced protein unfolding/foldingpgesses. Despite the fact that PLG and
PLL sequences are not found in naturally occurnqpoyypeptides, they represent an
interesting system for model studies because undarydependent unfolding/folding. In
particular, PLL is aru-helical structure at pH 12 that completely unfoid® a random
coil at neutral pH (Viappiani et al. 1998). The aldfng process is due to the strong
electrostatic repulsive forces between the proemhatamino groups. The acid-induced
local disruption of the helical structure of PLL &ssociated with a contraction of
approximately -17 ml mél and lifetime of 250 ns. On the contrary, PLG igoloted at
neutral pH but protonation of-carboxylates reduces the intramolecular electtiosta
repulsive forces leading to formation of secondarycture (Abbruzzetti, Viappiani, et al.
2000). The coil to helix transition in PLG indudey pH jump and studied by PAC shows
an expansion of approximately 7 ml Matith a lifetime of 100 ns.

Recently, a method combining TR-PAC and a phottdabaging strategy was
developed to study fast peptide folding. Phototabihkers such as bromoacetyl-
carboxymethoxybenzoin (BrAcCMB) and 4-(bromomett§[j-dimethoxycauramin
(BrDMC) are used to cyclize short synthetic peide small proteins, constraining the
structure of the “cage” peptide or protein in alvaelfined non-native conformational state
(R. P.-Y. Chen et al. 2004; Kuo et al. 2005; H.€hen et al. 2010). To initiate the
refolding, the photolabile linker is cleaved withit®©® s by irradiation with pulses of
UV-light from a laser. As an example TR-PAC studiesealed that synthetié-sheet
peptides refold in very different times. For exaepthe refolding of c-19merE11C
(r = 600 ns) is much slower than the refolding ofOcr2rE12C £ = 40 ns) or c-
20merDP6D peptider (= 150 ns) (Kuo et al. 2005). These differenceshim refolding
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kinetics reflect the contribution of the turn aminoid sequence. A less stable turn is

associated with longer folding times.

3.3 Analysis of Photoacoustic Data

The physical principle behind PAC and its applisasi to chemical and
biochemical reactions has been previously desciibeidtail (Peters 1994; McLean et al.
1998; Gensch & Viappiani 2003). When a chemicattiea in solution is initiated by the
absorption of light, the reacting molecules trangiart of their excess energy to the
surrounding solution. The prompt increase in terapee leads to a pressure wave
resulting from a volume expansion of the solverttjclv propagates through the medium
and can be detected by a pressure-sensitive detédten the absorption of the laser light
pulse results in additional processes, such avageaof a covalent bond or creation of
charged species leading to electrostriction ofgblgent about the charged centers, these
processes also contribute to the overall volumegbad\Voerar), Which can be expressed

as

AV,

over

al = AVip + AVt (3.1

whereAVy, represents the thermal volume change due to hleatseeto the solution and
AVgrot includes volume changes other than those duestontid heating, including volume
changes due to conformational changes, electrisiricetc. Thus both a thermal
expansionAVy, and a structural rearrangement at the molecelasl [AVy,,«, contribute
to the production of the acoustic wave.

The amplitude of the acoustic signal for the saniplgiven by Equation 3.2,

whereK is the instrumental response parameter.
S=K (Avth + AVgryet ) (3.2)

The thermal component of the volume change is défloy Equation 3.3, where

Q is the amount of heat released to the soly8iid, the thermal expansion coefficient of
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the solution (K'), C, is the heat capacity (cal'&K™), andp is the density (g ri). The
fraction (BICyp) is the thermoelastic parameter of the solutiod fam pure water can be

obtained from tabulated values.

AV, = [C—‘;}Q (33)
p

It is worth noting that in aqueous solutigf€y is highly temperature-dependent
and approaches zero at 3.9 °C for pure water. AdthdVy, is a function of temperature,
AVgryet Can be considered independent of temperatureaimited interval. Therefore in
agueous solutions the contributionsd;, andAVg, .t Can be separated by examining the
temperature dependence of the acoustic wave ahp)Eu

Considering Equation 3.3, the Equation 3.2 carebeitten as in Equation 3.4

S= K[[CLJQ ¥ Avstruct] (3.4)

pP

The instrumental response paraméféemay be eliminated from the analysis by
employing a calibration compound that convertsehtre energy of the photon,,Ento
heat, and undergoes no changes in its molecutatste QVgu = 0) on the time scale of
the instrument resolution. The calibration compaurate commonly designated as
photocalorimetric references and are usually noorfiscence, photochemically stable,
and 100 % efficient in delivering the absorbed gpeap the medium as heat when the
excited molecules return to their ground state (fbbetti et al. 1999). To eliminakg the
acoustic waves for the reference compound are mezhswnder conditions identical to
those used to obtain the samples signals. Thergf@e@mplitude of the acoustic wave for
the reference compound can be described by EquatigrwhereE; is the energy of the
photon at the excitation wavelength (e.g. 355 npressed in kcal mdlwill have the

corresponding value of 80.54 kcal ipl

Ser = K(L] Ej (3.5)
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K is eliminated by dividing the acoustic wave amyuléS by S. The ratio of the

signal amplitude of the sample to that of the egfee reflects the exact properties of the

sample.
i = qp: g +—Avsm']ct (36)
Set Ej B E

Cpp A

If the fraction (BICyp) is defined by F(t), because these quantities aretifans of

temperature, Equation 3.6 can be rearranged to

— Avstruct
Eﬂw_Q+—F(T) (3.7

For aqueous solutions, a plot Bfg versusCyp/S leads to a linear relationship,
with a slope corresponding fV4.¢ and an intercept equals @ If AVg IS negligible,
then the heat released during the reactiyrequalsE, @

For processes with a quantum yietd) (ess than unity, the volume changes are

obtained using Equations 3.8.

av = BV (39)
()

SubtractingQ from E, gives AH for processes occurring faster than the time
resolution of the experimental setup (Equation 3(Rarsen 2006). Th& values of the
subsequence kinetic processes repreg@tfor that stepi(e., heat release) (Equation
3.9b).

AH, = E”T;Q (3.9a)
AH, = % (3.9b)
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The transducers used in the detection of acoustiesvare sensitive not only to
the amplitude of the acoustic wave but also torttesnporal profile. The observed time-
dependent acoustic sign&i(t) is produced by the convolution of a time-dependent
function of the decay procedd(t) with an instrument response functidi(t), which

reflects the response of the transducer to a pessve.
E(t) = T(t) O H(t) (3.10)

Experimentally, the functioril(t) can be obtained using a photocalorimetric
reference compound such as bromocresol purple @@&) releases nonradiatively (only
heat deposition) all the radiative energy absoriped time faster than the transducer
resolution.

The overall time-dependent volume change desciilyeithe functiorH(t) can be

written as the summation of sequential single egptal terms:
H(ty =Y Het/m (3.12)
i 0

whereg and r; are the respective energy fraction and decay fiméheith component in
the sum of the exponentials.

Numerous algorithms have been developed to obtenparameterg and
(Rudzki et al. 1985; Melton et al. 1989; Small etl®92; Schaberle et al. 2010). The free
software CPAC available online (http://cpac.qui.uc.pt/) has bedeveloped in our
laboratory and used to obtain the paramege(s = SSe) and i (Schaberle et al. 2010).
This software provides an analytical description thee instrumental response acoustic
wave T(t), and the analytical solution for the convolutioatveenT(t) and the heat
function H(t). The instructions to us€PAC and analytical solutions for the acoustic
wavesT(t) andE(t) have been previously described in detail by Scihalet al (Schaberle
et al. 2010). Briefly, the software first uploadee tacoustic waves from the reference
(T(t)), sample E(t)), and solvent @(t)). The user introduces the absorbance of the
reference and sample solutions, previously matehelde the excitation wavelength. This
absorbance is employed to correct the amplituddneO(t) wave before it is subtracted
from theT(t) andE(t) waves, and the pre-signal amplitude is set to wéito a change in

offset. TheT(t) andE(t) waves are then normalized to the maximum excurfs@m zero
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of the T(t) wave. Next, the user defines the number of pdimtise analyzed and sets the
initial value oft,. The accurate description of experimerfél) waves requires a series
containing the product of exponential and sine fions that are the base functions for
PAC simulations. Schaberle et al found thé) waves are appropriately described by a
linear combination of three base functions, wittfiedent frequencies, phases and damping
parameters. Thus, the reference is fitted withrectfon in the form of Equation 3.12 to
reproduce the observadt) wave, wherdy is related to the time delay from the triggering
of the signal acquiring oscilloscope and sets timection to zero wher = t,. The
parameterYy is related with the rise time of the wawe,with the damping time of the

transducerf with the frequencies anfl with the phases.

(to -1) ex’{%}'m( ftra) ex‘{(toT;t)JSi”( f(t+6,))
© ol EXF{M] sin(f5(t + 65))

T(t)= (3.12)

W3

The user may change the initial values of the patarsty, Yo, 6, w andf in order
to obtain the best fit to the experimental refeeem@ve, although the fitting procedure
generally converges independently of the initiduga. With the obvious exception B&f
those parameters are properties of the transduckcan even be set from the transducer
supplier data sheet. Conversely, the values ofprameters after convergence can be
compared with the transducer supplier data shdetsd parameters are then used in the
estimation ofe(t), which is the convolution of th&(t) wave with the heat functioH(t),
Equation 3.10. This calculation requires the choifean appropriate kinetic model.
Currently, three kinetic models are implemeniedhe CPAC software, differing in the
number of sequential exponential decays. The caitieal of T(t) andH(t) with fractions
of thermal energy released, and lifetimes,z, is compared with the experimental wave
E(t) and the sum of the square deviations betweenxperienental and calculatef(t)
waves is minimized with an iterative procedure ttfanges the values gfand 7. In the
present work, the deconvolutions employed kinetdlats consisting of one, two or three
sequential exponential decays. For each exponguéhles of lifetimeg, and fraction of
thermal energy releaseg, were obtained. The analytical solutions Eft) for the kinetic

models implemented IrCPAC software have been determined by Schaberle et al
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(Schaberle et al. 2010). As an example, considetfegdistributive properties of the
integral, the partial derivative of; and only the first member of thgt) equation
(Equation 3.12), the convolution expression for anoexponential decay is express
thought Equation 3.13 (Schaberle et al. 2010), @it@is related with the time delay from
triggering of the oscilloscope and sets the fumctio zero wher = to, Y, is related with
the rise time of the wavey with the damping time of the transdudewith the frequencies
and 8 with the phases; (k = 1/7) with the kinetic constant, ang corresponds to the

fraction of thermal energy released.

E(t)

{ | ex{u5|n tt -6k exeliat -t) t)} (3.13)

3.3.1 Two-Temperature and Multiple-Temper ature M ethods

One PAC experiment consists in measuring and aveyamn appropriate number
of acoustic waves of the samplt), referenceT(t) and solventO(t) in the same
conditions. At least three sets of averaged samglerence and solvent waves were used
for data analysis at a given laser intensity, amgr flaser intensities were obtained by

interposing filters with transmissions in the 23326 range (see Figure 3.1).

0.08

0.06 |- Laser Intensity
— 100%
75%
50%

0.04 |-

PAC Signal (V)

: A . . .
1.8x10°  21x10°  24x10°  27x10°  3.0x10°
Time (s)

Figure 3.1: Acoustic waves from bromocresol purple (Bt waves) acquired at different
laser intensities, upon irradiation at 355 nmsgA 0.65, 1 cm path length cell). Each signal at
the different laser intensities correspond to therage of 200 waves.
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Using the CPAC software, the values af and 7, were obtained for eactth
process. Low laser intensities were used to mirgénbiphotonic processes, but they may
still occur and contribute to heat release. This lsa assessed comparing the valueg of
obtained at different laser intensities. If sigrdfit laser intensity dependence is observed,
the value ofg must to be extrapolated to zero laser intensiiyure 3.2 shows typical
experimental results obtained and the extrapolatarero laser intensity of thg values
measured at four different laser intensities. Bghrticular cases of Figure 3.2 only a very

slight dependence on laser intensity was detected.
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Figure 3.2: Values of ¢ obtained by deconvolution of the photoacoustimalg using the
softwareCPAC, as a function of the fraction of energy absorlsutained from independent
samples: 70uM Ac-Glu-NH, (A) and 1 mM Ac-His-NHMe (B). Different laser intsities
was obtained by interposing filters with transmossi in the 25 - 100 % range. The valuegof
and g correspond to different processes that are destiibdetail in Chapter 4.

In aqueous solutions, the structural volume chawgesbe assessed using a two-
temperature method (Gensch & Braslavsky 1997).Semeple acoustic waveE(f)) were
acquired at the temperaturesg, for which the thermal expansion coefficient of the
solution, s, is zero. The value of g, can be determined experimentally by measuring the
temperature at which the signal for the referenompound vanishes. The reference
acoustic wavesT(t)) were measured at a slightly higher temperatugg, § 6.0 °C. As
previously described, the signals measured a§ ®riginate solely from the structural

volume changes in the solution and include no dpithaontributions. The extent of the
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observed structural volume chang®; (estimated as milliliters per mole of absorbed

photons) is calculated froig as:

AV: = gE, (CLJ (3.14)
B#0

p

where E, is the energy of one mole of photons at the exeitatvavelength (80.54
kcal mol* for 355 nm excitation) andB(Cyp)s0 is the thermoelastic parameter of the
solution at . The two-temperature method also allowed the det@tion of the rate
constants of protonation for each process, usingalues obtained from the fitting
procedure.

Experiments conducted at multiple temperatures haen used to determine for
each transient the heat release, the structuraimsichange and, from the temperature
dependence of the rate constants, the activatierggrfCallis et al. 1972; Peters & Snyder
1988; Braslavsky & Heibel 1992). This parameter W plotted versus the fraction
(Cool B)po. From the linear relation in Equation 3.15 (seso &quation 3.7) it is possible
to determine the heat release after excitationnp@e of photons absorbeg@ (from the
intercept) and the structural volume change perenablphotons absorbet; (from the

slope) for eaclith process.
C
9E, =Q +AV (%p) (3.15)

The temperature dependence of the rate constamisbeaanalyzed by the

following relationships:

k =koe E/RT (3.16)

Ink=|nk0—% (3.17)

wherek = 1/r. The activation energyef) and the pre-exponential factkycould then be

derived from a linear plot of Ik versus 1/T (Arrhenius plot).
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3.4 Experimental Setup

Over the years, several cell designs for the tieselved photoacoustic
calorimetry have been developed (Rudzki et al. 198&lton et al. 1989; Arnaut et al.
1992; Braslavsky & Heibel 1992), but the front-facediation cell proved capable of
determining both energy fractions and lifetimeshwitigher sensitivity. In the present
work, a new temperature controlled front-face PA@vfcell was specifically built in our
laboratory, following the front-face irradiationgign described by Arnaut et al (Arnaut et
al. 1992). Figure 3.3 shows a schematic representaf the PAC flow cell components.
A dielectric mirror (10 mm thickness and 50 mm déten) and an optical window that
serves as the front surface of the cell (6 mm tigsk and 25 mm diameter) were mounted
in the aluminum block | and block IlI, respectiveBoth the dielectric mirror and the
optical window were sealed against the body alumirframe by using indium wires
partially embedded in circular cages drilled in #leminum body. The aluminum blocks
were pressed against each other with a thin cogpesrer in between, which defines the
thickness of the cellWe used an optical path length of 0.127 mm, whia$ lbeen directly
measured from the reflection of the acoustic wayesserated on the cell by excitation of a
photocalorimetric reference. Using this setup, ntben 99 % of the light impinging on
the front-face of the dielectric mirror is refledtback into the solution, thus minimizing

the background signal.

Aluminum body
block I

Aluminum body
block IT

' & Circular aperture
Or optical excitation

Figure 3.3: Schematic representation of the PAC flow cell comgnts (Adapted from Reis
2011).
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The aluminum frame (Block II) has two holes thalbwkd the flow of the
solutions (see Figure 3.4). A circular aperturehwlfd mm diameter allowed optical
excitation through the optical window. The apertimehe aluminum block | allowed to
mount the transducers (2.25 MHz or 0.5 MHz) agatinstback of the dielectric mirror.
Good acoustic contact between the dielectric mienod the transducer was facilitated

using a thin layer of vacuum grease.

Connection Waste Entrance for
to external bath outup thermometer

Sample output &

Sample input \l h

So lunon
Flow

Figure 3.4: Technical details of design of the PAC flow cealated with solution flow and
temperature control (Adapted from Reis 2011).

The cell temperature control was achieved by dgllichannels all around the
aluminum frame body and connecting them to a Ju(atmdel F-30C) thermostatic bath
with external water circulation. The temperatureswaeasured directly in the cell body
using a Delta Ohm thermocouple thermometer (Fi@ué. In order to achieve thermal
stabilization, samples passed through a serpertibe immersed in a temperature
controlled water bath prior to enter the PAC flogll.cln the future, further improvements
in the PAC flow cell may be implemented, such agedtier device to control the
temperature inside the cell (Reis 2011). In thiw m@paratus, the external thermostatic

bath control is not necessary and the thermallstation will be achieved rapidly.
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Prior to each PAC experiment, the absorbance opksmand reference solutions
were carefully matched at the irradiation wavelandgtample loading was performed
using an automatic syringe pump (Kloehn model Vigj)e flow rate set-up allowed the
average of a large number of laser shots (200-860pnly for the reference, but also for
the samples and solvent, enabling an excellentakigm noise ratio. The solutions
(samples, reference and solvent) were excited atr3® using the third harmonic of a
nanosecond Q-switched Nd:YAG laser (Ekspla NL30{&3er pulse width 6 ns). The
spatial beam profile of the excitation laser hasreular shape (3.5 mm diameter) and its
maximum energy per pulse was 1.0 mJ. Alternativiig, third harmonic of an Ekspla
PL2143A Picosecond Nd:YAG Laser (30 ps pulse widthy used, with similar results.
For all measurements we confirmed that the laserggnused was within the linear
relationship between the acoustic signal and therggnof the laser. The signal was
collected at four distinct laser intensities byenmosing neutral density filters with
transmissions in the 25-100 % range. Several caatibims of liquid flow rate (1 ml mih
to 2 ml min®), as well as, laser frequencies (from 1 Hz to 1) Were used without any
noticeable difference. The acoustic waves werectirleusing either 2.25 MHz (model
A106S) or 0.5 MHz (model V101-RB) Panametrics tdamers, amplified with a
Panametrics ultrasonic amplifier (model 5676) amént recorded using a digital
oscilloscope (Tektronix DPO7254). Figure 3.5 sh@awvschematic representation of the

photoacoustic calorimetry apparatus used in thikwo

Photoacoustic cell

Transducer I

Amplifier

Digital
Oscilloscope

Figure 3.5: Schematic diagram of the time-resolved photoadaocalorimetry apparatus.
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3.5 Photocalorimetric Refer ences

Photocalorimetric references are required for atoudetection in TR-PAC
experiments. Since the acoustic wave obtained thithreference compounds represents
the instrumental response functidft) (Equation 3.10), they are of key importance in the
determination of the thermodynamic and kinetic iinfation contained in the acoustic
wave obtained for the sample under investigatiomgBvsky & Heibel 1992; Rudzki et
al. 1985; Abbruzzetti et al. 1999). Ideally, phalacimetric references are compounds
which are non-fluorescent, show no transients wvathlifetime longer than a few
nanoseconds, are photochemically stable and haitg efficiency in delivering the
absorbed energy to the medium as heat, when tlite@xaolecules return to their ground
state (Abbruzzetti et al. 1999). These referencenpounds should not exhibit
multiphotonic or ground state depletion effectthatlaser fluence used in the experiment.
In addition, measurements of sample and refereosestic waves must be performed in
the same experimental conditions (temperature,ciostrength, solvent, excitation
wavelength and cell geometry).

Several reference compounds have been identifieddoeous solutions and for
organic solvents (Braslavsky & Heibel 1992; Abbmetizet al. 1999). Care must be taken
not to use substances with low extinction coeffitseat the excitation wavelength, since
for these compounds, high concentrations are needbith may affect the thermal
expansion coefficient. Inorganic salts, such asQXa,;, FeCk and Fe(bpyCl,, are
suitable as photocalorimetric references for UMbles (A > 300 nm) in aqueous solutions.
However, most of the inorganic salts are toxic ahdse over a limited wavelength range.
Additionally, all of the inorganic salts show lowotar absorption coefficient which
requires the use of high concentrations, thus tifigthe thermoelastic parameters of the
solution. A set of non-toxic, water-soluble, compds have been investigated to probe
their viability as photocalorimetric references agueous solutions in the UV-visible
region (Abbruzzetti et al. 1999). Among them ardiant blue G, brilliant black BN, new
coccine and indigo carmine. Bromocresol purple (B$)one of the few organic
photocalorimetric references recommended for tlaggdications. Due to thpK, of BP
the use of the compound in unbuffered neutral agasolutions is difficult because the
absorbance is unstable and therefore must be eatptmly at pH below 5 or above 9.

In the present work, the photocalorimetric refeeenesed was BP that is
frequently applied in TR-PAC experiments (Abbruiz€lrema, et al. 2000; Abbruzzetti

34



et al. 1999; Abbruzzetti, Viappiani, et al. 2008% previously mentioned in section 3.3,
the thermoelastic parameter of the solutigfCfp) depends strongly on temperature. In
pure water, the signal for the reference compowamishes at approximately 3.9 °Cs{d),
because the thermal expansion coefficient of wiateero, = 0. The acoustic wave for
reference compounds is positive above and neghélew this temperature. Figures 3.6
(A) and 3.7(A) present the temperature dependehtteeacoustic signals of BP solutions
at pH 9 (Ass= 0.65, 1 cm path length cell), upon irradiatior886 nm, and using 2.25
MHz and 0.5 MHz transducers. As can be observer attoustic waves of BP differ in
shape when the experiments are performed with rdiffetransducers. Decreasing the
temperature promotes a reduction in amplitude ef ahoustic waves detected for BP.
Using our experimental setup and either 2.25 MH®.6r MHz transducers, there is no
signal of BP at 3.0 °C ). At 2.0 °C the first peak of the acoustic waveegative (see
Figure 3.6). Moreover, thsuperimposition of the theoretical values of terapme-
dependent parametei/C,p ) for pure water and the relative intensity of fif@toacoustic
signals obtained using both transducers is shoviigiares 3.6(B) and 3.7 (B). Only slight

deviations between the theoretical and experimealaks are observed.
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Figure 3.6: Temperature dependence of the acoustic wavesoafidaresol purple (BP) upon

irradiation at 355 nm, using the 2.25 MHz transdu¢8) BP acoustic waves collected at
several temperatures, varying from 30.0 °C to €.0(B) Comparison between the theoretical
values of temperature-dependent parameiiC,) and the relative intensity of the

photoacoustic signals shown in Figure 3.6(A), athedemperature. At the different

temperatures, the maximum value of each photoaicosggnal was collected and then
normalized against thg8/Cyp) value at 30.0 °C, the highest temperature.
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Figure 3.7: Temperature dependence of the acoustic wavesoofidaresol purple (BP) upon
irradiation at 355 nm, using the 0.5 MHz transdud¢&) BP acoustic waves collected at
several temperatures, varying from 25.0 °C to 8.0(B) Comparison between the theoretical
values of temperature-dependent paraméiiC,) and the relative intensity of the
photoacoustic signals shown in Figure 3.7(A), athedemperature. At the different
temperatures, the maximum value of each photoaicosggnal was collected and then

normalized against thgd/Cyp) value at 25.0 °C, the highest temperature.

For agueous solutions containing salts or otheitigsdd at mM concentrations or
higher, Cpp/B )r and Txo must be experimentally determined comparing tlgmedi
obtained for a calorimetric reference in the solva@hinterest and in water (Braslavsky &
Heibel 1992; Gensch & Viappiani 2003). Figure 8t®ws the amplitude of the second
positive peak versus the/S in aqueous solution, at different temperaturesaqoeous
solution the average amplitude of the second pespeak is close to 43 mV while in
presence of NaCl the average value obtained ihiglorresponding to approximately 55
mV. Thus, there is an increase of approximatel$@ih amplitude in the presence of 100

mM NaCl. Moreover, the BP photoacoustic signal shaes at a temperature lower than
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3.0 °C. Using a 100 mM NaCl as solution the temipeeaTs, is 1.8 °C. The BP
waveform acquired in the presence of 100 mM NaCshigted relatively to the one
detected in water, because the presence of disksdlts in aqueous solutions produces an
increase in the sound speed (Sigrist 1986), whiclowants for the observed difference in

the time it takes for the signal to reach the detec
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Figure 3.8: (A) Average amplitude of the second positive peaksus the thermoelastic
parameter Cyp/p), at different temperatures and in aqueous salut{B) The photoacoustic
signals of BP in the absence (open circles) amtésence of 100 mM Nacl (filled circles).
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3.6 Laser-induced pH jump

The fast production of an acidic solution usingharslaser pulse attracted much
interest over the last 30 years. The acidificattba photoacid solution with a short laser
pulse can be used to rapidly perturb the acid-kgsdibria and to initiate acid-catalyzed
reactions in less than 10 ns, which are of intet@stncover mechanisms of acid-base
catalysis (Politi & Fendler 1984), study the iritsteps of protein folding (Abbruzzetti,
Crema, et al. 2000) or phototrigger drug delivegfiym et al. 2001; Carvalho et al. 2011).
In the present work, we have used a laser-indueegump technique coupled with TR-
PAC detection to monitor directly the dynamics amergetics of early events in protein
unfolding/folding due to site-specific protonatiofionizable amino acid side chains. In
fact, the acid-base behavior of amino acids isnaportant subject of study due to their
prominent role in enzyme catalysis, substrate bipdind protein structure.

In our experiments, the acid pH jump was achieteough the photoexcitation of
a caged compounda:nitrobenzaldehydeofNBA), that transfer very rapidly a proton to
the solution, being capable of transforming a rawgueous solution into an acidic one
within nanoseconds. More than 100 years ago, Ciamiand Silber reported the photo-
induced transformation ad-NBA into o-nitrosobenzoic acid (Figure 3.9) (Ciamician &
Silber 1901). The proton release mechanisnmo-0fBA in water has been extensively
studied using computational and experimental amghes (Bonetti et al. 1997; Viappiani
et al. 1998; Leyva et al. 2008; Donten et al. 20Uhder irradiation, the-NBA molecule
is converted ta-nitrosobenzoic acid and protons are released svifuantum yield of
about 0.40 in aqueous solutions. The reaction Bagarly instantly upon photoexcitation
with the formation of the ketene intermediate (F&gg8.9(B)) on a time scale measured in
hundreds of femtoseconds (Donten et al. 2011). Triermediate reacts in a solvent
assisted way to producenitrosobenzoic acid with a characteristic time&/ gfs. Finally, in
the right pH conditions (pH > 3) the productr(itrosobenzoic acid) releases a carboxyl
proton within a few nanoseconds. This step is tiraesponsible for the produced pH

jump.
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Figure 3.9: Molecular structures ai-NBA (A), the established ketene reaction interraésli
(B), and the photoproductnitrosobenzoic acid (Cp{nitrosobenzoic acigK, < 4).

Figure 3.10 reports an example of the signal oleskfor o-NBA in water, at
3.0 °C and pH 7.0, using the PAC flow cell devetbpe our laboratory. As observed in
previous studies (Bonetti et al. 1997; ViappianaletL998), under pH conditions below 9,
the proton release froro-NBA is accompanied by a prompt (lifetime below ewf
nanoseconds) volume contraction of the solutiodu@ed by the solvation of the newly
formed charges. Figure 3.10 shows that a negasigilation dominates the photoacoustic
signal of theo-NBA, which can be related to the volume contractibserved at pH 7.
The value of@ (@ = -0.83), associated witb-NBA photolysis, is obtained from the
extrapolation to zero laser intensity of tigg values measured at four different laser
intensities. The corresponding structural volumange, calculated using Equation 3.14, is
AV,®® = -2.2 ml mol. The measured volume contraction must be correfiedhe
quantum vyield of the photo-induced reaction in amgsesolution (i.e. for a mole of
photoreleased protons® = 0.4. Thus, the extent of the structural volunhange for
solvation of the formed ions is therefore calcuasAV = -5.4 ml mof'. This value is in
good agreement with previous results using TR-Pwhich reportAV = -5.2 ml mot*
(Bonetti et al. 1997; Viappiani et al. 1998).

Between pH 9 and 12, two processes are observethamaompt contraction due
to ion solvation is followed by a large volume empan AV,*® = (110 ml mol)
occurring within lifetimes varying from 400 ns t® &s (Bonetti et al. 1997). This latter
process is related with the reaction of the phdtmdeed protons with hydroxyl ions,
leading to water formation. However, above pH 1025 lifetimes of the two processes
are too close to be resolved and single procesbserved, which corresponds to the
volume expansion.

In the present work, the pH conditions used vabietiveen 5 and 8. The fit to the

experimental data over this pH range is well regmésd by a single exponential decay
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(see example in Figure 3.10). The prompt volume trection of approximately
-5 ml mol* varied slightly over the range of pH conditiongdisMoreover, experiments
performed in aqueous solutions containing 100 mMCINigad to a reduction of the
structural volume contraction observeéxy/(= 0-4 ml mol*). This effect is consistent with
previous results that reported a decrease in thenexof the volume contraction
(AV = -4.9 ml mot') in the presence of 100 mM NaCl (Bonetti et a7

15 T wave experimental
- —— T wave calculated
o E wave experimental (0-NBA)
—— E wave calculated
1.0 +
=
5
7]
Q
£
:
z
18x10°  20x10°  22x10°  24x10°  2.6x10°  2.8x10°
Time (s)
L
>
g 0|
=
17
T;; 0.00 |
=
@n
& 0.04
2
g 004}
=
2 000}
s
@
& -0.04

Figure 3.10: Examples of typical photoacoustic signals for bromasol purple (BP) reference
(T wave) and the photolysis ofNBA (E wave) in water, at pH 7, and 100 % lasezrgy (0 1
mJ). The E and T waves depicted were correctethéobackground signal from the solvent (O
wave), and normalized for the absorbance at thiagion wavelength (A= 0.65, 1 cm path
length cell). The waveform for BP (filled circleglas acquired at 6.0 °C, whereas the sample
waveform (open circles) was taken at 3.0 °C. THiel $ioes represent the calculated T and E
waves obtained through the fitting procedure udimg CPAC software. The best fit was
obtained with a single exponential decay wjth= - 0.75 and lifetime below the experimental
resolution (< 10 ns).
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To determine the magnitude of the pH jump is negs® obtain the number of
photons and the irradiated volume of the photoauiolecules in the experimental
conditions used. Table 3.1 presents the calcukitised to obtain the magnitude of the pH
jump. In order to take into consideration the paisy of non-linear absorption processes
under intense laser fluence (Arnaut et al. 1992)).pAotoacoustic measurements were
performed under four distinct laser intensitiese Tdser energy per pulse varied between 1
mJ and 30QuJ, and the energy of one photon at 355 nm is 5.59'%J € = hv). Thus,
the number of moles of photons produced per lasiseps 8.91 x 18’ mol at 300uJ, and
2.97 x 10’ mol at 1 mJ.

Considering the cell geometry, with a mirror enadpldouble irradiation of the
sample, the very thin irradiation path length (clickness of 0.127 mm), and the
photoacid absorbance at 355 ni.6), the fraction of photoacid molecules that abso
photons can be calculated (Table 3.1). Thus, kngwhie number of photons that irradiate
the cell, the absolute number of photoacid molectiiat absorb photons is calculated. As
for 0-NBA the photodissociation quantum vyield is 0.4 ¢@g & Scaiano 1980) one can
calculate the number of injected protons in thevdtieg volume.

For the sample concentrations used (higher than dd) the quantity of
molecules in the area under irradiation (a minimaiue of 1.22 x 18°) was always
higher than the number of protons formed (a maxinadird x 10" mol). Assuming that
the volume of irradiated sample is 1.22 2’ (corresponding to a laser pulse diameter
of 3.5 mm), if the starting pH (prepulse pH) is &.post pulse pH of 4.4 is obtained. For a
starting pH of 7.3, the post pulse pH is 4.8 (Tablg). Those are instantaneously pH

variations felt by the samples in the irradiatetlinee, which tend to dissipate over time.
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Probing the energetics and dynamics of
protonation reactions and their contribution to

protein folding by photoacoustic calorimetry

4.1 Introduction

Amino acids are the monomeric building blocks adtpins. The linear sequence
of amino acids in a protein is known as its primatgucture, and it is today generally
accepted that the folding of a particular proteid ahe resulting native structure is
autonomously governed and determined by the angitbsgquence of the protein and its
natural solvent environment. Protonation of spediinino acid side chains is sometimes
sufficient to induce unfolding/folding processesttimay occur on the nanosecond to
microsecond time scales. Therefore, characterizadfothe energetics and dynamics of
protonation reactions involving amino acids is esisk for the understanding of the
earliest steps in protein unfolding/folding indudsdpH transitions.

Amino acids with ionizable side chains make upawarage, 29 % of the amino
acids in proteins (Pace et al. 2009). The acid-tm$&viour of such amino acids is an
important subject of study due to their role inyne catalysis, substrate binding and
protein structure. There are many examples of aratid residues with ionizable side
chains in the active sites of proteins that plaptie roles in protein functions. In

particular, the protonation of residues such asrmispacid (Asp) and glutamic acid (Glu)
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accompanies proton pumping by bacteriorhodopsinnyLal998), electron transfer
reactions (Mezzetti et al. 2002) or even®Ceelease from the GaATPase (Barth &
Zscherp 2000). Furthermore, histidine (His) residaee frequently identified as essential
for enzymatic activity. As an example, two His dess located at the active site of bovine
pancreatic ribonuclease A (RNase A), His-12 and-J4®, are involved in the RNA
cleavage reaction catalyzed by this protein (Padd.e2001). Seven of the 20 amino acid
side chains contain groups that readily ionize. Ewample, at high pH (low acidity
conditions), the amino acid side chains contairgadboxylic acids tend to be negatively
charged (deprotonated) while the ones containingnesntend to be uncharged
(unprotonated). At low pH (high acidity), the opftesis verified. Thus, for Asp, Glu,
tyrosine (Tyr), and cysteine (Cys), the ionizabtkehains are uncharged below thp,
and negatively charged above thpi{,. For histidine (His), lysine (Lys) and arginine
(Arg), the side chains are positively charged betbwir pK, and uncharged above their
pKa The averageK, values for the ionizable side chains as well asatrerage content of
the corresponding amino acids reported for seyewins are given in Table 4.1.

Mapping the early steps in pH-induced conformatiotlzanges occurring in
proteins and peptides requires the characterizatibrthe protonation/deprotonation
reactions involving the amino acid residues withizable side chains. In fact, amino acid
side chains and their roles in stabilizing protetructure and in catalysing enzymatic
reactions have been increasingly investigatedeatriblecular level by techniques such as
infrared spectroscopy and neutron protein crygjadiphy. The latter provides the
definitive protonation states of the amino acidides in a protein because neutron
scattering can identify the presence of hydrogematin a molecular structure (Niimura
& Bau 2008), while infrared spectroscopy may chimaze diverse information on amino
acid side chains, like protonation state, chargegessibility to H-bonding patterns and
conformational freedom (Barth, 2000). However, teghes able to assess conformational
and dynamic parameters in correlation with thegnration state of amino acid side chains
in proteins are still very limited.

In the present work, the sub-millisecond protomatidynamics of several
ionizable amino acids were studied after a rapidi@ag@H-jump following laser-induced
proton release from the caged photolabile compoodtrobenzaldehyde ofNBA),
coupled with time-resolved photoacoustic calorimé¢irR-PAC) detection. In addition to
its sensitivity to enthalpic and volume changes;PARC provides nanosecond to

microsecond time resolution to those measureméhisviously published results have
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been obtained using laser-induced pH jumps couplddTR-PAC to explore pH-induced
conformational changes in proteins and polypeptaleh as apomyoglobin (Abbruzzetti,
Crema, et al. 2000; Miksovska & Larsen 2003), dolysine (Viappiani et al. 1998) and
poly-L-glutamic acid (Abbruzzetti, Viappiani, et.£000). One interesting result from
previous work revealed that neutralization of Giduces a volume expansion due to the
disappearance of two charges, corresponding t@mprahd charged amino acid moiety,
with an apparent bimolecular rate on the order@f M™ s (Abbruzzetti, Viappiani, et
al. 2000).

Table 4.1: Summary of the averagiK, values of the ionizable amino acid side chainstaed
average content of ionizable amino acid residubslated from 78 proteins (adapted from
Pace et al. 2009). ThpKa values of the ionizable side chains for cappednanacid
derivatives of Asp, Glu and His, and thi€, of imidazole are also shown.

Amino acid pK, value Content (%)
(side chain)
Asp 3.5 5.2
Glu 4.2 6.5
His 6.6 2.2
Cys 6.8 1.2
Tyr 10.3 3.2
Lys 10.5 5.9
Arg 12.3 5.1
C-terminus 2.4
N-terminus 6.8
Ac-Glu-NH, 4.50
Ac-Asp-NH, 4.08¢
Ac-His-NHMe 6.38¢
Imidazole 6.95

@ pKa value obtained in alanine pentapeptides.

b Data from Yasuhiko Nozaki & Charles Tanford 1967.
¢ Data from Marti 2005.

d Data from Tanokura et al. 1976.

Before performing TR-PAC studies using biologicagtems exhibiting high-level
of complexity, our primary purpose is to fully umsgand, at the molecular level,

fundamental events occurring during the protonati@protonation of individual amino
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acids. It is worth to note that thK, of ionizable side chains in isolated amino acids a
likely to be shifted by the neighboring negatived goositive charges of its C and N
termini, respectively (Nozaki & Tanford 1967; Tameok et al. 1976). Moreover, in a
protein the amino acid’s termini are involved inppge bonds with the neighbouring
amino acids. Being so, model compounds are freguaséd and should be as similar as
possible to an amino acid residue in a proteineH#mwee model compounds have been
used to characterize the protonation reactionshvimg Glu, Asp and His. Figure 4.1
presents the structure of such model compounds, elgaracetyl-L-isoglutamine
(Ac-Glu-NH,), acetyl-L-isoasparagine (Ac-Asp-NHand acetyl-L-histidine methylamide
(Ac-His-NHMe). Several studies using these amind derivatives as model compounds
have shown that the imidazole group of Ac-His-NHMel the carboxylate groups in both
Ac-Glu-NH, and Ac-Asp-NH present intrinsic (or unperturbe@dK, values similar to
those typically found in proteins or peptides (Tieuma et al. 1976; Perutz et al. 1985;
Marti 2005).

This chapter describes the structural volume crangethalpies and dynamics
resulting from the protonation in aqueous solutiafsisolated amino acid model
compounds and their mixtures at different concéiomaratios, promoted by an ultrafast
laser-induced pH jump and using TR-PAC detectidmesE protonation reactions are the
initial events occurring in pH-induced protein @ppide folding/unfolding processes, and
new methodologies able to distinguish protonatidn ianizable groups from the
subsequent folding/unfolding of a polypeptide chatie essential to fully characterize the
contribution of such amino acids in protein foldingoreover, new clues about the
thermodynamics and kinetics of protonation reastionvolving ionizable amino acids
may help to further clarify their roles in stabitig protein structure and in catalysing

enzymatic reactions.
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Figure 4.1: Structure of amino acid model compounds (A) aektidoasparagine (Ac-Asp-
NH,), (B) acetyl-L-isoglutamine (Ac-Glu-Nj and (C) acetyl-L-histidine methylamide (Ac-
His-NHMe). Amino acid derivatives substituted ad tN-terminal by a group Acetyl (Ac), and
at the C-terminal by an amineNH,) or N-methylamine{NHMe). The grey circles highlight
the ionizable side chains, namely the negativebrgéd carboxylic acids in both Ac-Glu-NH
and Ac-Asp-NH, and the imidazole ring in Ac-His-NHMe.

4.2 Materialsand M ethods

4.2.1 Sample Preparation

The amino acid model compounds acetyl-L-isoglutanm(iic-Glu-NH,), acetyl-
L-isoasparagine (Ac-Asp-Ni and acetyl-L-histidine methylamide (Ac-His-NHMe&gre
purchase from Bachem (Bubendorf, Switzerland). Rromasol purple (BP),
o-nitrobenzaldehydeofNBA) and imidazole were obtained from Sigma-AléiriChemical
Company, St. Louis, USA.

Sample solutions for photoacoustic measuremente wezpared by dissolving
the amino acid model compounds Ac-Glu-NHAc-Asp-NH, Ac-His-NHMe and
imidazole into an aqueous solution with sufficieaNBA to produce a final optical
absorption of 0.6 in a 1.0 cm path length cell3%% nm. Concentrations of amino acid
model compounds and imidazole varied betweeny®0@nd 2.0 mM. In addition, sample
solutions containing mixtures of both Ac-Glu-BlFand Ac-His-NHMe at different
concentration ratios were also prepared. Bromotrpsople (BP) was used as the
photocalorimetric reference compound and it wasaled in an aqueous solution and its
optical absportion was adjusted to match that efsimple solutions at 355 nm. The pH of
sample and reference solutions was adjusted byi@ddif concentrated HCI or NaOH

and measured using a glass microelectrode. Thef Bt gsolutions was adjusted to 9.0, in
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order to avoid instability in optical absorptionthé excitation wavelength (Abbruzzetti et
al. 1999). Sample solutions of Ac-Glu-MHand Ac-Asp-NH were prepared at
approximately pH 5.3, while sample solutions of is-NHMe and imidazole were
prepared at approximately pH 7.3 and 7.8, respagtivio evaluate the effect of ionic
strength on the rate of protonation reactions, gdmmustic measurements were also
performed using both sample and BP solutions pegper aqueous solutions containing

100 mM NacCl. All experiments were repeated at ldagte times.

4.2.2 Time-resolved Photoacoustic Calorimetry

Experiments of laser-induced pH jump coupled whbtpacoustic detection were
performed using a time-resolved photoacoustic sag&try flow cell developed in-house
that follow the front-face irradiation design déked by Arnaut et al. (Arnaut et al. 1992),
connected to systems for temperature control andnzatic injection (Kloehn syringe
pump). In Chapter 3, a detailed description of ékperimental setup is presented. The
light source, operated at 355 nm, was the thirdnbaic of a nanosecond Q-switched
Nd:YAG laser (Ekspla NL301G). The laser pulse widikis approximately 6 ns, and the
pulse repetition rate was 10 Hz. Before initiate@ch experiment, the maximum laser
pulse energy was verified and adjusted to appraeiya mJd/pulse. Furthermore, each
solution analyzed (sample, BP and solvent) wastekowith four different intensities
corresponding to 25, 50, 75 and 100 % of the fdkel intensity by employing neutral
density filters. The PAC signals were measured detwl1.8 °C and 20.0 °C, and the
temperature variation during an experiment was flean0.5 °C. The sample data were
analyzed by comparison with those for the phota@alketric reference compound, which
releases all the energy absorbed upon photoexcitad heat with a quantum efficiency of
1.0. The photoacoustic pressure waves were detegibda 2.25 MHz Panametrics
transducer (model A106S). The PAC signals from &0s were average, pre-amplified
with a Panametrics ultrasonic preamplifier (mod&l'®) and then recorded using a digital
oscilloscope (Tektronix DPO7254).

The principles of deconvolution of photoacousticvefarms are described in

detail in Chapter 3. Briefly, the energy fractiomsd lifetimes of a samplE(t) can be
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obtained by the convolution of the instrumentapmesse, or reference wavefoif(t), with

the time-dependent function of the decay proe&ss
E(t) = T(t) O H(t) 4.1)

Experimentally, the functioril(t) can be obtained using a photocalorimetric
reference compound such as BP, that releases mainvaly (only heat deposition) all the
radiative energy absorbed, in a time faster thanrdmsducer resolution.

The functionH(t) represents the overall time-dependent volume ehangritten

as the summation of sequential single exponermtiaig:

H(t) = Z%e‘(t/ri) (4.2

whereg and 7; are the respective energy fraction and decay fiméheith component in
the sum of the exponentials. TEBRPAC software developed in our laboratory was used to
obtain ¢ and 5; parametergSchaberle et al. 2010). This software provide aalydical
description for the instrumental response photostiouvave T(t), and the analytical
solution for the convolution betweeR(t) and the heat functiok(t). The ¢ and 7
parameters are varied until the calculdit) fits the experimental wavg(t). The kinetics
of processes occurring faster than roughly 10 mmaiabe resolved, but the integrated
enthalpy and volume changes can be quantified frenamplitude of the acoustic wave.
Structural volume changes as a function of the eomation of amino acid model
compound or the concentration ratios of the mixduneder study were determined using a
two-temperature method (Gensch & Braslavsky 199He sample waveforms were
acquired at the temperaturg=d, for which the thermal expansion coefficient of the
solution, s, is zero. The value of g, can be determined experimentally by measuring the
temperature at which the signal for the refererm@mpound vanishes. The temperature
obtained for o in an aqueous solution was 3.0 °C, while in thesgmee of 100 mM
NaCl we found Jo = 1.8 °C. The reference waveforms were measurea fagher
temperature, Jo = 6.0 °C. Signals measured gL originate solely from the structural

volume changes in the solution and include no dpithaontributions. The extend of the
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observed structural volume chang®; (estimated as milliliters per mole of absorbed

photons) is calculated froig as:

AV, =qE, (%] (4.3
B0

whereE, is the energy of one mole of photons at the exeitavavelength anddCyp) 0

is the thermoelastic parameter of the solution g§. Trhe two-temperature method also

allowed the determination of the rate constantgrofonation for each amino acid model

compound, using; values obtained from the fitting procedure.

Experiments conducted at multiple temperatures haen used to determine for
each transient the heat release, the structuraimsichange and, from the temperature
dependence of the rate constants, the activatierggriCallis et al. 1972; Peters & Snyder
1988; Braslavsky & Heibel 1992). Deconvolution vpesformed at several temperatures,
and the pre-exponential factogswere used to determine the energy conténg, of the
transient at each temperature. This parameter lvemslotted versus the ratiG/ ) s-o.

From the linear relation:
C
@E, =Q +4V, [%,OJ (4.4)

it is possible to determine the heat release afteitation per mole of photons absortsgd
(from the intercept) and the structural volume deper mole of photons absorhédd
(from the slope) for eadilth process.

In both methods, two-temperature and multiple-teraipee, the volume changes
can be converted in molar reaction volume (expressemilliliters per mole of photons
released) dividingdV; by the deprotonation quantum yield®@NBA, ®,. = 0.4, (George
& Scaiano 1980). The heat releaggdobtained using the multiple-temperature method
can be converted in enthalpy change using the saswmption.

The temperature dependence of the rate constamtsbeaanalyzed by the

following relationships:
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k =koe 5/RT (4.5)

Ink =Ink —E 4.6
° RT

wherek = 1/r. The activation energyef) and the pre-exponential factky could then be

derived from a linear plot of lkvs 1/T (Arrhenius Plot).

4.3 Results

The principle of photoacoustic calorimetry is tidaly simple. Basically, in
TR-PAC one monitors the pressure wave caused bydhene change generated in the
system on a time scale of tens of nanosecondvéadenicroseconds. The pressure wave
arises from the volume changes that are producedaliationless relaxation (heat
deposition) and structural rearrangements at theaular level, initiated by a laser pulse.
This pressure wave is propagated through the salaind can be detected by piezoelectric
transducers located in the cell plane parallehtlaser beam direction and recorded by a
digital oscilloscope. Here, laser irradiation ab38n, in the presence ofNBA, promotes
an ultrafast pH jump due to the rapid release ofgms following photolysis 0b-NBA.
Subsequent to the laser-induced generation of psotthe photoacoustic waves of the
ionizable compounds under study were collected. etaittd description of the well
studied proton cage-NBA and its proton photo release mechanism is gmtesl in
Chapter 3. Briefly, the release of protons &3}NBA, both in the absence and in the
presence of proton-accepting groups, is accompanjea fast subresolution contraction
(lifetime below a few nanoseconds), at pH arourtdil@giow neutrality.

In this chapter, the main subject of study isgh&onation reactions involving the
amino acid models presented in Figure 1.1, whiphesent two classes of ionizable amino
acids. Above theipK, values, both Ac-Asp-NHand Ac-Glu-NH exhibit side chains with
carboxylate groups negatively charged. In Ac-HisN#Hthe side chain is the imidazole
ring that is uncharged above [iK,. The pH before laser irradiation (prepulse pH) was
adjusted to approximately one unit lower than pie. At the prepulse pH only few

molecules are protonated and after laser irradiaémd o-NBA photolysis a high
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percentage are protonated due to the fast pH jukithough the protonation of the
imidazole group has not been explored by laserdedypH jump techniques, compounds
such as acetate and glutamic acid (Glu) have aireadn studied (Abbruzzetti, Viappiani,
et al. 2000). Previously published results havenshthat the structural volume change
expected for the protonation of carboxylates rarggseen 6 ml mai and 17 ml mot,
depending on the nature of the group attacheda@dnboxylate (Abbruzzetti, Viappiani,
et al. 2000; Borsarelli & Braslavsky 1998). Two-fggmature and multiple-temperature
experimental procedures for photoacoustic measursmie aqueous solutions, were
performed and the rate constants, reaction endwlpiolume changes and activation
energies were derived by analyzing the time praffiéhe acoustic wave generated by he

heat and volume changes associated with the pratarr@actions.

4.3.1 Concentration Dependence of Proton-accepting Groups. Two-Temperature
Method Experiments

The overall photoacoustic signal is generally cosgpbby a thermal component
related with the release of heat, and a struchagl due to the reaction volume variation
of the photo initiated reactions. In aqueous sohdj these thermal and volumetric
contributions can be separated by performing measemts at two different temperatures
(the so called two-temperature method, previouslscdbed in section 4.2.2). Although
enthalpies cannot be determined, the rate consfantprotonation and the structural
volume changes can be assessed performing expésiraenlz, and using different
proton acceptor concentrations.

Figure 4.2 show examples of the photoacoustic watsained for Ac-Asp-Nb
Ac-His-NHMe ando-NBA measured at 3.0 °C, along with the bromocrgsople (BP)
photoacoustic wave acquired at 6.0 °C. As othetquadorimetric reference compounds,
BP releases nonradiatively (only heat depositidhjhe radiative energy absorbed in a
time faster than the transducer resolution, praduca photoacoustic signal that is
characteristic of a fast volume expansion. Theagnobtained foo-NBA in an aqueous
solution are inverted when compared with the wawefof BP, at both pH values of 5.3
and 7.3. This behaviour is in agreement with presip published work and reflects the
volume contraction typically observed foiNBA photolysis due to solvation of the photo

released protons and nitrobenzoate anions (Bagiedti 1997a).
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The experiments using the two-temperature methaa: bbeen performed using
several concentrations of proton-accepting groEgire 4.2(A) shows the photoacoustic
waves for increasing concentrations of Ac-Asp-Nitpresence o6-NBA, at pH around
5. The waveforms exhibit significant differencesamplitude, as well as, in phase when
compared with the ones acquired ®NBA in similar solvent conditions. Qualitatively,
our results suggest that besides the fast releapeotons byo-NBA there is a second
process occurring that produces an additional @teotastic wave due to the protonation of
the side chain of Ac-Asp-Nitontaining a negatively charged carboxylate graupH 5.
Moreover, our results evidence that the protonatesaction is concentration-dependent
because the photoacoustic waves acquired were foupe progressively shifted in phase
and the amplitude diminished upon increasing camagons of proton-accepting groups.
Since the increase in concentration promotes aedserin amplitude, our results also
show that the additional process observed is oposishape to that detected tBNBA
and thus should correspond to a volume expansioa pfofile of the photoacoustic waves
obtained for Ac-Glu-NH is nearly identical to that described above forAsp-NH,, and
is presented Figure A.1 of the Appendix.

Examples of photoacoustic waves acquired for AchVie upon photolysis of
O-NBA are shown in Figure 4.2(B). Although the wawmfis collected at several
concentrations do not show a significant shift rage as reported for Ac-Asp-Nind
Ac-Glu-NH,, the amplitude changes upon increasing concemisatof Ac-His-NHMe.
Contrary to the results obtained with protonatiércarboxylates groups, the amplitude is
much more reduced in the presence of lower coraimis of Ac-His-NHMe (20QuM)
than with higher concentrations (2 mM). Hence, oesults indicate that there is an
additional process related with the protonatiorth&f uncharged imidazole group. Just
comparing with the typical photoacoustic waveocelNBA it is difficult to predict the
structural volume change occurring. The waveforoguaed in the presence of Ac-His-
NHMe are lower in amplitude when compared with tmes obtained foo-NBA. The
same behaviour was observed for Ac-Glu Ndd Ac-Asp-NH. However, it is worth to
note that increasing concentrations of Ac-His-NHMemote an increase in amplitudes.
This concentration-dependent profile is contranthtat observed for carboxylate groups
protonation. Being so, instead of the volume exjmensbserved when the carboxylate
groups are protonated, qualitatively our resulggsst that the protonation of imidazole

ring may be accompanied by a slow volume contractio
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Figure 4.2: Photoacoustic waves generated after laser irradiatbtained using the two-
temperature method. The signals from &®l o-NBA are represented by closed circles and
open circles, respectively. The signals of the ananid model compounds Ac-Asp-NKA)
and Ac-His-NHMe (B), at different concentrationsdaim an aqueous solution containing
0-NBA, are shown as solid lines. The BP signal wasasared at o = 6.0 °C, while the
signals fromo-NBA and amino acid model compounds were measurég-g = 3.0 °C. The
value of the prepulse pH used for solutions of ApAH, was 5.3, while for solutions of Ac-
His-NHMe was 7.3. Noise reduction was achieved BY Eow Pass Filter processing, using

the software packageriginPro7 (OriginLab Corporation, USA).

The PAC signals were deconvoluted using the sofWZ&AC developed in our
laboratory (Schaberle et al. 2010) and availabléinen(http://cpac.qui.uc.pt/). The
photoacoustic waves for the amino acid models wegi fitted by a function involving
two sequential exponential decays. Each decay asacterized by a lifetimeg; and an
amplitude that can be correlated wighparameter. The two components derived from the
fitting procedure represent two events, thdéBA photolysis and the subsequence
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protonation reaction. Figure 4.3 shows exampleth®fsimulated waves for Ac-Asp-NH
and Ac-His-NHMe obtained from the results of thea®/olution, together with the two
component waves associated wifh: the release of protons fromNBA and (ii) the
respective protonation reaction. The first compéneorresponds to the reaction of
photolysis of o-NBA (in green), which in the presence of either-Agp-NH, or
Ac-His-NHMe exhibit negative amplitude that is cheteristic of a volume contraction.
On the contrary, the simulated wave relative to ghatonation of carboxylate group in
Ac-Asp-NH, (Figure 4.3(A)) displays positive amplitude andsfsfted to the right when
compared with the BP waveform. Being so, the praton of negatively charged
carboxylate groups is associated with a volume esipa. As expected, similar behaviour
was detected for Ac-Glu-NHprotonation (see appendix Figure A.2). Deconvohutof
the signal obtained for Ac-His-NHMe allowed thertécation of a second component
much slower than the first component. As shownigufe 4.3(B) by the blue line, the
protonation of imidazole ring produces a photoatiowgave that is negative in amplitude
and strongly shifted to the right. This very elotegbphotoacoustic signal is characteristic
of very slow volume contractions. Hence, the wake®obtained at lower Ac-His-NHMe
concentrations decrease in amplitude when compaittdthe signal ofo-NBA mainly
because the protonation leads to photoacousti@lsighat are extremely shifted to the
right. If the protonation reaction occurred though faster kinetics, the sample
photoacoustic signals should be higher in amplittiden those found foo-NBA (see
Figure A.3).
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Figure 4.3: The photoacoustic wave generated by laser irradfiatf 500uM Ac-Asp-NH, (A)
and 600uM Ac-His-NHMe (B) in an aqueous solution containiogNBA, at prepulse pH
around 5 and 7, respectively. The BP signals gmeesented by filled circles. The signals from
the amino acid model compounds are representedoby equares. The fit derived from the
results of the deconvolution is represented byréklines. Both red lines correspond to the
summation of two component waves that are assalcigith the fast contraction @NBA and
the protonation reaction, that are representedégrgand blue lines, respectively.
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The structural volume changes can be determineugusie amplitude values
derived from the fitting procedure and applying &tijpn 4.3. For solutions containing
only o-NBA, upon laser irradiation at 355 nm, occur arerage contraction of
approximately -4.3 1 ml mol* at pH 5.3 and -4.% 0.6 ml mot* at pH 7.3 (see Chapter
3). The first amplitude decay measure in the preegperimentsg, refers to this fast
volume contraction with a; shorter than 10 ns. Our results show that thisesatbution
component does not change significantly with insieg concentrations of different
compounds in solution. However, the valueggahay slightly depend on the nature of the
proton-accepting groups if the presence of theopadtle solutes influences specific
interactions between-NBA or its photoproducts and the solvent (Borda&Braslavsky
1998; Abbruzzetti, Viappiani, et al. 2000). Averagalues of the structural volume
change AV,, resulting from photolysis ad-NBA are shown in Table 4.2. As expected,
under pH conditions near neutrality and in the gnes of proton-accepting groups, such
as carboxylate and imidazole, the values obtainethe fast volume contraction are very
similar to those measured forNBA solutions, varying between -4.4 and -5.2 mlltho
(see Table 4.2).

The amplitude decays of the second compongniare concentration-dependent
and are associated with the protonation reactiomdem study. Although under our
experimental conditions the proton-accepting groangsin excess when comparing with
photo released protons, not all the protons binthé& protonable groups. Only a large
excess of proton-accepting molecules allows a ctoseomplete protonation reaction.
Thus, as the concentration of proton-accepting ggoimcreases, the number of non-
binding protons decreases and eventually becoméigitdg Figure 4.4 shows the
dependence of the observAW,™ (volume change per mole of added protons) on the
concentration of proton-accepting groups. At higingentrations of proton-accepting
groups the fraction of unreacted protons is verglsandAV,”® reaches a plateau value,
AV,. As shown in Figure 4.4 (A) the values A¥,”® reaches a plateau when the
concentrations of both Ac-Glu-NHand Ac-Asp-NH are greater than 50QM. For
Ac-His-NHMe the plateau oAV, was only obtained for concentrations greater than
1 mM (Figure 4.4(B)). This observation is in agrestrwith our qualitative analysis of the
photoacoustic signals collected for Ac-His-NHMeggesting that the protonation of the

imidazole ring is a slow process. In addition, ghieir concentration of Ac-His-NHMe is
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needed to assure that most of the released pro#ansby protonating the imidazole ring.
Experiments were also performed using imidazolmvestigate if the blocking groups in
Ac-His-NHMe produce any significant effect on stwral volume changes and rate
constants upon protonation of the imidazole rings Areviously observed for

Ac-His-NHMe, our results also show that the protamraof imidazole is associated with a
slow volume contraction. Table 4.2 shows the vabfesV, obtained in the plateau region

for each molecule under study.
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Figure 4.4: Dependence oAV, on the concentration of different proton-acceptingups:
Ac-Glu-NH, and Ac-Asp-NH (A) and Ac-His-NHMe (B). The protonation of negesiy
charged carboxylate groups are represented by AeNBL, (filled circles) and Ac-Asp-Nk
(open circles), and the prepulse pH used was appately 5. The protonation reaction
involving the uncharged imidazole group is représgénby the use of Ac-His-NHMe
(triangles), at prepulse pH around 7. The reactmomes QV,) estimated for the protonation
of each proton-accepting molecule are reportecainld 4.2.

Table 4.2; Structural volume changddé\V) and protonation rate constantg)(determined
using the PAC two-temperature method.

Proton-accepting AV, AV, Kp

groups CENEELeS ml mol ™ ml mol ™ 101t

-Glu- - + + +
Negatively charged Ac-Glu-NH, 46+1 3.7+£03 2.4+ 0.1
carboxylate group Ac-Asp-NH, 52+1 6.2+0.5 2.8+0.1

Ac-His-NHMe 45+1 -4.4+0.2 0.14 £0.03
Uncharged
imidazole ring Imidazole -44+03  -48+04 0.18

@ Average of the structural volume changes calculfitetligh concentrations of Imidazole (1 mM, 1.5 rakid 2 mM).
® Average value ok, obtained at 2 mM. For 2 mM Ac-His-NHMe the averaghie obtained for, was 275 ns.
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In the experimental conditions used, the studiestopration reactions can be
treated as pseudo-first order reactions, becawsedhcentration of the proton-accepting
groups is always in large excess when compared théhconcentration of the proton-
releasing photoacid-NBA. Moreover, the lifetimes; corresponding to the protonation
reactions show an inversely proportional linearahgence on the concentration of the
proton-accepting groups which is indicative of pieéirst order reactions. As shown in
Figure 4.5, from the slope of the plot of rate ¢ant k, = 1/r;) as a function of the
concentration of proton-accepting groups, the bamwalar rate constants were obtaingd,
The values ok, are reported in Table 4.2 and revealed that patimm of negatively
charged carboxylate groups in the amino acid mo#lel&lu-NH, and Ac-Asp-NH yield
values of 2.4 x 18 M’s* and 2.8 x 18 Ms™, respectively. These values indicate that
the protonation reactions involving carboxylate up® are diffusion-controlled. For the
protonation of the uncharged imidazole ring in AisHNHMe the bimolecular rate
constant observed is approximately 20 times lovirantthe ones determined for the

carboxylate groups.

. 1 1 1
0.0 5.0x10™ 1.0x10° 1.5x10° 2.0x10°
[Proton Acceptor] (M)

Figure 4.5: Dependence of the rate constarks < 1/t;) on the concentration of the proton
accepting groups from Ac-Asp-NHopen circles), Ac-Glu-NH (filled circles) and Ac-His-
NHMe (triangles), using the two-temperature metticholecular rate constants were derived
from the slope of the linear relationship (solidels) of the rate constants as a function of
proton acceptor concentration and are reportdg imsTable 4.2.
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4.3.2 Temper atur e Dependence Experiments: Multiple-Temper ature M ethod

The multiple-temperature method allows the deteatm of volume and
enthalpy changes (Equation 4.4) and activationgegi(Equation 4.6) for the protonation
of the proton-accepting groups under study. At iaWestigated temperatures the
photoacoustic signals were well described by twjusatial exponential decays. The fast,
time-unresolved decay is due @NBA photo-induced proton release. The slower
component corresponds to temperature-dependentcoaigtants, which reflects proton
transfer reactions to the acceptors present irtisolun the multiple-temperature method,
the concentration of proton-acceptor groups is fieddtl.

We have examined the protonation reactions of tlegatively charged
carboxylate group and the uncharged imidazole ovey a narrow temperature range and
using concentrations wherAV,”® reaches a plateau, as determined by the two-
temperature method (see Figure 4.4). Examplesgieeature-dependent acoustic signals
recorded between 6.0 °C and 20.0 °C are showrgurd-4.6.

The data at multiple temperatures enables a plgtEfvs Cyp/3 (Equation 4.4),
from which the volume change accompanying eachgscan be obtained from its slope
and the heat released from the solution from itsnygrcept (Figure 4.7). The enthalpy
(AH,) of the reaction for the first process is calocedafrom the heat release@.f, where
AH; = (E,- Qp)/® and® = 0.4 corresponds to the quantum yield for theast of protons
by o-NBA. The subsequent kinetic processes are destrilpe an enthalpy change
calculated a&\H; = -Q/®. Figure 4.7(A) shows the results for Ac-Asp-Nahd Ac-Glu-
NH,, while in Figure 4.7(B) the results obtained foc-His-NHMe and imidazole are
shown. In all experiments, the fast component deeslyibit a volume contraction
(negative slope) of approximately -5 ml Mand the corresponding enthalpy change is
approximately -50 kcal mdl The values of volume contraction obtained usihg t
multiple-temperature method are slightly higher nththose obtained by the two-
temperature method, in spite of being within expental error (Table 4.2 and 4.3).
Clearly, the fast process represents the photobfsisNBA: the volume change for this
component decay is negative as previously obseiiied.fast process is followed by a
slower reaction. These slower processes correspmnreither protonation of charged
carboxylic acids through reactions with Ac-Glu-Nehd Ac-Asp-NH, or protonation of

the uncharged imidazole ring in Ac-His-NHMe anddasole. The protonation reaction
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involving the carboxylic groups under study indueegolume expansion (positive slope)
that ranges between 4.4 and 5.0 ml aind the enthalpy changes obtained were -9.6
kcal mol* for Ac-Glu-NH, and -16.5 kcal mdl for Ac-Asp-NH,. The protonation of the
imidazole ring is associated with a volume conteexcbf approximately -3 ml mdl in
both Ac-His-NHMe and Imidazole. The enthalpy changaries between the negative
value of +4.0 kcal mdi obtained for Ac-His-NHMe and the slightly positivalue of

-0.5 kcal mot determined for imidazole.
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Figure 4.6: Examples of the photoacoustic waves generated &fser irradiation of the
photocalorimetric reference BP (open circles) arte tsample solutions containing
Ac-Asp-NH, and Ac-His-NHMe (solid lines), at 6.0 °C (in gragp.0 °C (in red) and 20.0 °C
(in blue).
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Figure 4.7: Plots of the energy content for the photo-dissamiadf o-NBA (@E;) and for the
binding of the photo-released protons in wat@E{() to the amino acid model compounds
Ac-Asp-NH, (in blue), Ac-Glu-NH (in red), Ac-His-NHMe (in green) and Imidazole (in
orange), as a function of the parame@gs/5. Cyp/S was changed by varying the temperature
between 6 and 20.0 °C. The Ac-Asp-Nthd Ac-Glu-NH concentrations were 5QM, at pH
5.3. The concentration of Ac-His-NHMe and Imidazelere 150QuM, at pH 7.3 and pH 7.8,
respectively. The volume changes and heat releasss obtained from the linear fits
represented by the solid lines, and based on Equdt#. The results are reported in Table 4.3.

Activation energiesH,) of the protonation reactions were also calcul&tech the
temperature dependence of the rate constant aksbueidh the slow component decay (
= 1h,), according to Equation 4.6. The plots ofknversus 1/T (Arrhenius Plot) are
shown in Figure 4.8 and the valuesefand frequency factors are presented in Table 4.3.
As shown, activation energies are higher for treqoration of the imidazole ring than for
the protonation of carboxylic acids, which is indiwith the bimolecular rate constants
values obtained using the two-temperature methoabl€l 4.2). The Arrhenius Plot

obtained for imidazole is presented in the appe(fure A.4).
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Figure 4.8: Arrhenius plots for the protonation reactions imiod) negatively charged
carboxylic side chains of Ac-Glu-NHand Ac-Asp-NH, and the uncharged imidazole ring of
Ac-His-NHMe. The activation energyEf) and frequency factors for each reaction were
derived from the linear relationship (solid lined)the rate constants as a function of 1/T (see
Equation 4.6) and are reported in Table 4.3.

Table 4.3: Structural volume changed\;) and heat release®@, for the deprotonation of
o-NBA and the protonation reactions involving negelly charged carboxylic side chains
(Ac-Glu-NH, and Ac-Asp-NH), and the uncharged imidazole ring (Ac-His-NHMedan
imidazole), determined using the multiple-tempemtmethod. The activation enerdy,X and
frequency factors for the protonation reactionseadgtermined using Arrhenius plots.

Proton- Frequency
f AV, Q1 AV, Q; Ea factor
accepting  Compounds s kAol mimolt kealmolt keal molt In(Lk;)
groups
Negatively
charged Ac-Glu-NH, -5.4+04 1024 +£2 4.4+0.1 661 383 182
carboxylate
group Ac-Asp-NH, -5.1+0.1 1000+ 2 5.0+0.05 39+1 6.3+3 B2
Uncharged Ac-His-NHMe -5.0+£0.5 99.7+4 -2.6+0.2 -1.6 50 16.7£0.5 28.5+0.3

imidazole ring .
Imidazole -5.0+£0.6 102.5t 4 -3.1+£0.3 0.2+0.5 135%5 25.8+4
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4.3.3 Effect of lonic Strength

Photoacoustic measurements were performed in agudutions containing 100
mM NaCl and compared with measurements in the alesehNaCl to evaluate the effect
of ionic strength on the protonation of the amirdamodel compounds having the
negative charged carboxylic group (Ac-Glu-NHor the uncharged imidazole ring (Ac-
His-NHMe). In aqueous solutions, the ra@igp/S strongly depends on the temperature,
mainly due to the changes if. As shown in the previous sections, monitoring
photoacoustic waves atgT, allows the straightforward assessment of the strat
volume changes because no signal is detected dueatorelease. However, for aqueous
solutions containing salts or other additives at sovcentrations or higheiCgp/f3)r and
Tp=-0 must be determined by comparison of the signaliobtl for a calorimetric reference
in the solvent of interest and in water (Braslav&kydeibel 1992; Gensch & Cristiano
Viappiani 2003). Figure 4.9 shows examples of paotoistic waves obtained in the
absence an in the presence of 100 mM NaCl. As eabberved, the waveforms acquired
in the presence of 100 mM NaCl are dephased relsitte the ones detected in water. In
fact, previous studies have shown that the presehdissolved salts in aqueous solutions
produces an increase in the sound speed (Sig8&)19hus, the acoustic waves measured
in the presence of salts should present slighffigrdint arrival times. Our results are in
good agreement with these studies because the guoatstic waves produced in the
presence of 100 mM NacCl are detected by the trarescdrarlier than the ones recorded in
the absence of salt. Moreover, our results evidetiferences in amplitude of the BP
waveforms, because the raliigp/S increases approximately 20% in the presence of 100
mM NaCl, and the heat released by BP produces mpopboustic signal at a lower
temperature (§-0 = 1.8 °C). Interestingly, the variation in amplieutbetween BP and
sample signals in the presence of NaCl is diffefemin the one observed in aqueous
solutions (see Figure 4.9), which suggests thatrtbasured parameters, such as structural

volume changes, may differ.

66



PAC Signal (V)

L]
\/ BP (H,0)
-0.06 - s BP (0.1 MNaCl)

800 M Ac-His-NHMe (H,0)
—— 800uM Ac-His-NHMe (0.1 M NaCl)

-0.08 -

-0.10

1.8x10° 2.0x10° 2.2x10° 2.4x10° 2.6x10° 2.8x10° 3,0x10°
Time (s)

Figure 4.9: Examples of photoacoustic waves generated aftegr lasadiation of the
photocalorimetric reference BP (filled circles) afsckHis-NHMe (solid lines), in the absence
(gray) and in the presence of 100 mM NacCl (blue).

Both methods, two-temperature and multiple-tempeeathave been used to
determine the structural volume changes, protonatimies and activation energies
involved in the protonation of Ac-Glu-NHand Ac-His-NHMe in 100 mM NacCl. Figure
4.10 shows plots of the energy content for theibmaf the photo-released protorgH,)
to the amino acid model compounds as a functioth@fparameteC,p/5. As shown in
Table 4.4, the values of structural volume changsswell as the rates of protonation,
decrease in experiments conducted with aqueousistducontaining 100 mM NacCl. In
particular, the ionic strength dependence of thetgiysis of o-NBA has already been
examined by TR-PAC revealing that the addition aONto aqueous solutions reduces the
extent of structural volume changes and the preimmaate for water formation, which
results from the reaction of photo-released protaiih hydroxide ions in solution
(Viappiani et al. 1998). These findings are in gagdeement with the data in the literature
and correctly reproduce the expected dependenananstrength (Viappiani et al. 1998).
Our results show that the structural volume charmgesirring due to protonation of the
negatively charged carboxylic acid of Ac-Glu-NEnd the uncharged imidazole ring of
Ac-His-NHMe slightly decreases. The protonatioresain the presence of NaCl were
determined using the two-temperature method andredeiced in magnitude when
compared with the ones obtained in water. On thdrany, the activation energieEy]
(determined by the Arrhenius Plot) are increasedhaypresence of NaCl, which is in

concordance with the decrease observed in ther@tibm rates.

67



Ac-Glu-NI ]:

40 - Ac-His-NHMe

o 20)
=]
E
=
& of
&y B
- \“\\
20t B
_40 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Cpp/P (keal ml')

Figure 4.10: Plots of the energy content for the binding of pheto-released protongg;) to
the amino acid model compounds Ac-Glu-Niih red) and Ac-His-NHMe (in green) in an
aqueous solution containing 100 mM NaCl, as a foncdf the paramete€,p/S. Cop/f was
changed by varying the temperature between 6.@8r@°C. The Ac-Glu-Nklconcentration
was 500uM, at pH 5.3. The concentration of Ac-His-NHMe whs00 uM, at pH 7.3. The
volume change and heat releases were obtainedtfrednear fits represented by solid lines,
and based on Equation 4.4. The results are repwriEable 4.4.

Table 4.4: Structural volume changes, protonation rate cotstagnthalpy changes and
activation energies for the protonation of Ac-HigHMe and Ac-Glu-NH in the presence of
100 mM NacCl, determined using the two-temperatuethod and the multiple-temperature
method.

Proton Acceptors

Ac-Glu-NH, Ac-HissNHMe
Two-temperature M ethod
AV; (ml mol™) -3.4+0.4 -3.2+0.4
AV, (ml mol™) 3.9+0.3 -3.7£0.2
k, (Mt s?) 9.5+0.2x 18 8.3+0.1x16
M ultiple-Temperature M ethod
AV, (ml mol™) -3.3+0.2 -2.8£0.6
Q; (kcal mol™) 101.3+ 1 96.9+ 6
AV, (ml mol™) 2.4+03 -1.4+0.4
Q, (kcal mol™) 56+1 -0.12+ 4
E. (kcal mol™®) 11.0+ 6 26+9
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4.3.4 Mixtures of Amino Acid Model Compounds

Primary sequences of proteins and peptides are asedpby several types of
amino acids with ionizable side chains that areljikto be involved in protonation
reactions. Thus, mixtures of amino acid compouridiifeerent concentration ratios were
investigated to decipher if our experimental setdpTR-PAC could resolve different
protonation reactions involving for example carbaxwycids and imidazole groups. The
prepulse pH was adjusted to 7 in order to protohath the carboxylic group in Ac-Glu-
NH, and the imidazole ring in Ac-His-NHMe. Under owperimental conditions, when
the laser irradiation is performed at pH 7 occufash pH jump decreasing the pH of the
solution to approximately 4.8. Table 4.5 shows strecctural volume changes obtained
when the fitting procedure is carried out assunainly two sequential exponential decays,
at prepulse pH 7. As can be observed, when the caratid models are studied
individually the fast volume expansion (lifetime X0 ns) is followed by a volume
contraction if the proton acceptor is Ac-His-NHMe by a volume expansion if
Ac-Glu-NH, molecules are present in solution. When the medwf amino acid models
in the concentration ratio 1:1 and 2:1 (Ac-His-NHKe-Glu-NH,) are analyzed by fitting
the photoacoustic waves to two sequential expoamleddcays the subsequence process
after fast release of protons frooaNBA is characterized by a volume expansion of
approximately 2 ml mé{ with a lifetime around 40 ns. It is worth to ndtet the volume
expansion is lower than the one determined for |@#d0Ac-Glu-NH,. We thus conclude
that the observed volume expansion probably cooregp to the protonation of both
amino acid models, not time resolved as separatedepses. Hence, since the two
protonation processes could not be resolved uswgsequential exponential decays and
our previous studies have shown that the lifetirmassociated with the protonation of
imidazole from Ac-His-NHMe is much slower than thietonation of carboxylic groups,
the deconvolution of the photoacoustic waves wa® glerformed assuming three

processes.
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Table 4.5: Structural volume changes and lifetimes obtainetie absence and in the presence
of the amino acid model mixtures, at prepulse phpraximately 7 and using the two-
temperature method. The parameters listed werdénelotdy fitting the photoacoustic waves
using two sequential exponential decays.

Ac-HissNHMe Ac-Glu-NH, Concentration AV, AV,>P n
mM mM ratio m mol?  m mol? ns

- 0.5 - -3.8 3.5 74

1 - - -4.5 -3.0 389

1 1 1:1 -4.4 2.1 49

1 0.5 2:1 -3.8 1.9 40

The photoacoustic waves of the mixtures studiedew#ted using a function
included in the CPAC software that involves three sequential exponkrdecays
(Schaberle et al. 2010). Figure 4.11 presents itseobtained using two and three
exponential decays. As can be observed, therefusttzer improvement in the residuals
when the deconvolution of the photoacoustic wa¥ekemixture Ac-His-NHMe and Ac-
Glu-NH; (concentration ratio 7:1) is performed assumingehdifferent processes. In all
the concentration ratios analysed, the photoacoustves of the mixture were well fitted
using three exponential decays and thus three ggesecould be clearly distinguished.

Figure 4.12 shows an example of the photoacoustiewbtained for the mixture
of Ac-Glu-NH, and Ac-His-NHMe at a concentration ratio of 5, theult of the fitting to
the function involving three exponential decays #relsimulated waves for each process.
The global fit (in red) can be separated in thre@monent decays: photolysis @NBA
(in green) and the subsequent protonation of Aci@H (in blue) and Ac-His-NHMe (in
orange). As expected, the simulated wavesoidBA photolysis and Ac-His-NHMe
protonation are inverted when compared with thevi®eform reflecting the volume
contractions previously observed. On the contrdrg, simulated wave for Ac-Glu-NH
exhibit positive amplitude which is associated wtit volume expansion occurring due to
protonation of carboxylic groups. Both simulatedves for Ac-Glu-NH and Ac-His-
NHMe are shifted relatively to the BP signal whatggests that the protonation is slower
than the heat deposition due to laser irradiatibBmP. In fact, the determined lifetimes
indicate that, in the mixtures, the protonatiorAcfGlu-NH, typically occurs in less than
100 ns, while the protonation of Ac-His-NHMe itassociated with slower lifetimes for

all the concentrations observed.
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1.75 mM Ac-His-NHMe & 0.25 mM Ac-Glu-NHy
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Figure 4.11: Comparison of the fitting procedure using two exgaral decays (in red) and

three exponential decays (in green). The experiahgaiiotoacoustic wave of the mixture of
1.75 mM Ac-His-NHMe and 0.25 mM Ac-Glu-NHconcentration ratio 7:1) obtained at 100
% laser energy, 3.0 °C and prepulse pH 7, is repted by open squares.

« BP
L5 1.25 mM Ac-His-NHMe & 250 uM Ac-Glu-NH,
—FIT
——— fast volume contraction (>-NBA)
—— protonation of Ac-Glu-NH,
~—— protonation of Ac-His-NHMe

LOF

Normalized PAC Signal
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Figure 4.12: The photoacoustic wave generated by laser irradiaif the mixture of 1.25 mM
Ac-His-NHMe and 25QM Ac-Glu-NH, in an aqueous solution containiogNBA, at prepulse
pH around 7. The signals from the amino acid maaehpounds are represented by open
circles. The fit derived from the results of thecdevolution is shown by the red line together
with the three deconvolution component waves aasatiwith the fast contraction ofNBA

and the protonation reaction of Ac-Glu-plehd Ac-His-NHMe that are represented by green,
blue and orange lines, respectively.
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Figure 4.13 shows the structural volume changesaimdd at different
concentration ratios of Ac-His-NHMe and Ac-Glu-Blldnd using a function involving
three sequential exponential decays. The fast velcomtractiom\V; corresponding to the
photo-release of protons mNBA presents a similar value in all mixtures, wehive
propose that\V, and AV3; corresponds to the protonation of Ac-Glu-Nbind Ac-His-
NHMe, respectively, appear to be concentratiorosdéipendent. Interestingly, when the
Ac-His-NHMe is 7 times higher than Ac-Glu-NHkhe structural volume change obtained
is close to the one obtained for Ac-His-NHMe (segufe 4.4). Thus, the fraction protons
binding to Ac-His-NHMe might be higher due to itssde excess. Otherwise, if the excess
of Ac-His-NHMe is only two times higher than Ac-GNH, the structural volume change
observed for Ac-His-NHMe is reduced, while the alabserved for Ac-Glu-NHis
similar to the one observed for Ac-Glu-ptsample. Table 4.6 shows the lifetimes

associated with the protonation of Ac-Glu-N&hd Ac-His-NHMe.
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Figure 4.13: Structural volume changes obtained at differemiceatration ratios of Ac-His-
NHMe and Ac-Glu-NH, using the two-temperature method and prepulsenar@H 7. The
values ofAV; correspond to the photolysis ofNBA. The protonation of negatively charged

carboxylate groups is represented by Ac-Glu,NHiangles) and correspond #V,. The
protonation reaction involving the uncharged immlazgroup is represented by Ac-His-NHMe
(circles) and corresponds £f0/5. The solid lines represent the expected valuesh®rolume
expansion due to Ac-Glu-NHprotonation (in red) and for volume contractionoop
protonation of Ac-His-NHMe (in green).
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Table 4.6: Lifetimes obtained with mixtures of amino acid adets at different concentration
ratios and prepulse pH approximately 7, and usihg two-temperature method. The
parameters listed were obtained by fitting the phobustic waves to three sequential
exponential decays.

Ac-HisNHMe Ac-Glu-NH, e e, B
mM mM Ratio ns ns

1 0.5 2 49 405

1 0.25 4 98 118

1.25 0.25 5 112 321

1.75 0.25 7 70 208

4.4 Discussion

Amino acids are found in all naturally occurring@ins or peptides, which play a
vital role in nearly all chemical and biologicabpesses. The structure, stability, solubility
and function of proteins depend on their net chamgé on the ionization state of the
individual amino acids that constitute those prate{Pace et al. 2009). Thus, it is of
critical importance to fully understand the conttibn of protonation reactions involving
ionizable amino acids in protein folding. In theegpent work, the amino acid model
compounds Ac-Glu-NkE Ac-Asp-NH, and Ac-His-NHMe represent two types of
ionizable side chains. While in Ac-His-NHMe the fmo-accepting group is the uncharged
imidazole ring, in Ac-Asp-Nkland Ac-Glu-NH the protonation occur on the negatively
charged carboxylic groups. Experiments using lasdueed pH jump coupled with TR-
PAC detection were performed to monitor the stmattwolume changes, enthalpy
changes and protonation rates. The effect of i@tiength on protonation has been
evaluated by performing experiments in the presericiO0 mM NaCl. Moreover, the
photoacoustic signals of mixtures of Ac-Asp-Ntnd Ac-His-NHMe at different
concentration ratios have been measured to prigictignals when both ionizable amino

acids are present and protonated in a polypepkidac
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Volume changes due to protonation of Ac-Glu-NH, and Ac-Asp-NH,

In general the volume changes upon protonationbeagonsidered as a sum of an
intrinsic volume change and a solvational volumange, with the intrinsic part arising
from the net motion of the nuclei of the reactippaes (changes in bond lengths and
angles) and the solvation component representingme changes associated with
electrostriction, changes in polarity, and dipoieiactions (Van Eldik et al. 1989).

The neutralization of the amino acid models such AasGlu-NH, and
Ac-Asp-NH, involves the disappearance of two charges: theativeg charge on the
carboxylate group and the proton positive charg#orRo protonation both ions are
solvated by water molecules. Upon protonation, riegrangement of the solvent must
occur because the protons released due-NBA photolysis react with the negatively
charged side chains of both amino acid models. bs doncentration of protonated
Ac-Glu-NH, or Ac-Asp-NH increases, the number of solvation waters arooadharged
carboxylate group and proton is reduced. Theserwatéecules become free in solution
to form their preferential hydrogen bonds with iilsmediate neighbours (Gutman &
Nachliel 1990). Thus, it is expected a volume esjp@an because the protonation of the
COO on Ac-Glu-NH, and Ac-Asp-NH neutralizes two net charges, releasing the water
molecules constrained in solvation shells.

Studies on simple molecules demonstrate that voluinteases between 6 and
17 ml mo!* occur upon protonation of carboxylate groups, dejre on the nature of R,
attached to COQKauzmann et al. 1962; Van Eldik et al. 1989). iastance, the volume
change for neutralization of formic acid in watdr2® °C is 6 ml mot. However, it
increases to 11.5 ml mbffor acetic acid, 13.2 ml mdlfor i-PrCOOH, and 17 ml md
for t-BUuCOOH (Van Eldik et al. 1989). If positively charggdoups exist close to the
carboxylate then the volume increase is only 6 anl7mol* (Van Eldik et al. 1989).
Additionally, the structural volume changes upoaotpnation of Glu and and acetate have
been examined using TR-PAC by Abbruzzetti et abluzzetti, Viappiani, et al. 2000).
Using the two-temperature method, Abbruzzetti aodlaborators observed that the
protonation of Glu induces a volume expansion &frl mol*, while a volume change of
8.9 ml mol' is observed for acetate. When applying the melipmperature method the
authors obtained 5.8 and 4.5 ml fhdbr acetate and Glu, respectively. In proteins,

protonation of Glu or Asp leads generally to voluch@nges of about 11 ml niglbut in
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some cases smaller values can be observed, possditigd to the proximity of positively
charged residues such as histidine, lysine or mgiresidues (Kauzmann et al. 1962).

Despite the equivalence of the multiple-tempertiand two-temperature
methodologies in the determination of reaction wa#s, the values obtained are slightly
different (Table 4.2 and 4.3). However, the differes fall within the estimated
uncertainties. The volume expansion obtained for-GAcNH, varied between
3.7 ml mol* (56 A% and 4.4 ml mat (07 A®) using the two-temperature and the multiple-
temperature method, respectively. The protonatiorolving Ac-Asp-NH promotes a
volume expansion of 6.2 ml mb((110 A% or 5.0 ml mof* ((B A% using the multiple-
temperature method.

Values of volume change obtained for Ac-Glu-Nde systematically lower than
those determined for Ac-Asp-NHThe difference observed between both amino acid
models may be due the length of the side chairfiadty previous studies using Glu and
acetate found that the volume change accompangimgtotonation of acetate is higher
than that observed for Glu. Thus, in both casesnib&ecule with longer length chains
attached to the CO@roup presents a smaller volume expansion updomaition.

Moreover, the amino acid models present slightedsifices in theK, values of
approximately 0.4, being theK, of Ac-Asp-NH; the lowest (Table 4.1). Since in both
experiments the prepulse pH was similar (pH 5.8)fital pH value should be around 4.4.
Thus, under these conditions of pH jump the pesgmntof protonated molecules of
Ac-Asp-NH, can be lower than molecules of Ac-Glu-NKpK, = 4.50). However, this

difference does not seem to explain the highermelehange observed for Ac-Asp-MNH

Volume changes due to protonation of Ac-HisNHMe

In the amino acid model Ac-His-NHMe, the protonggiing group is the
uncharged imidazole ring. As mentioned before, upbotolysis ofo-NBA a volume
contraction is observed, associated with the solvabf both photoreleased proton and
nitrosobenzoate anion. Using our experimental sefupR-PAC and laser pH jump a
further volume contraction is observed upon praotionaof Ac-His-NHMe. It seems that
the water molecules are more organized around diraeid Ac-His-NHMe cation than
around the the uncharged imidazole group in AcitifMe. In addition, photoacoustic

measurements have also been performed using indeworder to evaluate if the extent
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of the volume contraction depends on the attachedpgto the imidazole ring and to
check if the observed volume contraction has itgimrin the imidazole ring. The
differences observed in terms of volume changeskaratics between the protonation of
Ac-His-NHMe and imidazole are negligible. Being #te attached group to the imidazole
ring does not seem to have a significant effecthenvolume changes and kinetics upon
protonation.

Our results indicate that there is a decrease lofn® when the proton reacts with
the uncharged imidazole ring. The relevant molecstlaictures in solution are the proton,
the uncharged imidazole group as reagents and ritienated imidazole group as a
product. The high density of positive charge on gh&ton promotes the organization of
the surrounding water molecules, while the lowensity charge of the uncharged
imidazole should induce the formation of less orgeah hydration shells. As the product is
formed, the presence of a localized charge onntiidazole ring contributes to an increase
on the organization of the water molecules surrmgqdhe ion. Thus, our observations
show that the net volume balance between the tadigatoton and uncharged imidazole
ring versus the solvated protonated product is a volume cotitna (see Figure 4.14).
Using the two-temperature method, the volume charmgdculated were approximately
-44 @ A% and -4.8 ml met (B A% for Ac-His-NHMe and imidazole at high
concentrations, respectively. Lower values wereem@hed applying the multiple-
temperature method: -3.1 ml mo((5 A% for imidazole and -2.6 ml mol((4 A3 to
Ac-His-NHMe.
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Figure 4.14: Schematic representation of the net volume balamm protonation of the
uncharged imidazole group. The circles represetgmwaolecules.
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Previously, volume changes for ionization processesvater were calculated
from the partial molar volume data obtained froiffiedential flow microcalorimetry or by
dilatometry (Katz & Miller 1971; Riedl & Jolicoeut984; Kitamura & Itoh 1987).
Volume changes of 0.8 and 1.8 ml fholere obtained for 4-methylimidazole and
imidazole dissociation, respectively. Experimenitdigh pressure one-dimensional HR-
NMR spectroscopy have shown that the negative ipmaeblume of protonation of L-
histidine (His) and Ac-His-NHMe is -2 ml mblat atmospheric pressure (dilatometry) and
remains unchanged up to 150 MPa (Hauer et al. 188ireover, several authors consider
the reaction volumes reviewed by Van Eldik etwahjch refers that the protonation of the
imidazole ring of His free in solution is accompethby a small contraction of -1 ml rifol
(Van Eldik et al. 1989). Thus, our results obtairtbdough the apparatus of a new
methodology are in agreement with the previous ome®aling a relatively small volume
contraction upon protonation of Ac-His-NHMe anddiaizole.

On a quantitative point of view, it is possiblegrplain the volume contraction
observed upon protonation of Ac-His-NHMe and imimlazusing Equation 4.7. Assuming
that the ions are incompressible, the electrostaticme change/AVy,) can be described
as the derivative of the electrostatic Gibbs freergy of solvation an iomMAG«,) of a total
chargee and with radiug, in a medium of dielectric constast as represented by the

following Equation 4.7 (Serpa & Arnaut 2000).

2
AV, = 0AGg, __ € (dlne 4.7)
op 2a\ op );

Prior to protonation, the positive charge it isteeed in the proton and in aqueous
environment characterized by a dielectric constéii8.3, at 25 °C. Upon protonation, this
positive charge becomes central in the N heteroaibrie imidazole ring. Thus, this
positive charge changes from a polar aqueous amigat to a less polar environment. On
the contrary to Ac-Glu-NKHand Ac-Asp-NH, there is no decrease of the net number of
charges in solution when the imidazole ring is pnated. We assumed that upon Ac-His-
NHMe protonation the positive charge is in a muetslpolar environment. Considering,
as an approximation, that the non-polar environnoérsin imidazole ring is similar to

benzene, which is characterized by a dielectristzon of approximately 2.3. The fraction
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(dlngop)r can be obtained from tabulated values for sewahdents (Marcus 1998). In
particular, for water this fraction correspond€t69 GP# and to benzene is 0.69 GPa

at 25 °C. Qualitatively, since there are largeeddhces between the dielectric constants
and they are inversely proportional to thi¥,,, the volume change due to solvation of an
ion in non-polar environment is lower than in aqueenvironment. Being so, a volume
contraction must occur when a positive chargeaissiier from a full aqueous solution to a

less polar environment.

Enthalpies Changes

The heat released per mole of photons upon phatolyiso-NBA has been
previously determined corresponding to approxinyate00 kcal mof (Abbruzzetti,
Viappiani, et al. 2000; Abbruzzetti, Crema, et28100). Using our experimental setup, the
heat released per mole of photons varies betwegnaffl 99 kcal mdi, which are in
agreement with the previously published resultsnsitering the fraction of energy
released as heat in this photochemical processumezhby photoacoustic calorimetry and
the quantum yield for the release of protonsodyYBA (0.4), the enthalpy changes per
mole of reacting molecules can be calculated ugiggation 3.9a, yielding a value of
approximately -50 kcal mdl Since the hydrogen abstraction fraNBA involves
multiple steps of intramolecular rearrangemenisn@ti et al. 1997), the assignment of
the enthalpy observed to the individual steps besoocomplex. Nevertheless the overall
enthalpy change obtained fofNBA proton release presents a negative valuesthaild
be directly related with the enthalpy change upogaking of a GH bond ino-NBA
(average value 110.7 kcal rol(Atkins & Jones 1999)). The enthalpy change due t
water reorganization around the formed charged iepeformed should also have a
contribution, namely the hydration enthalpy of theton that is characterized by a
negative value of approximately of -274 kcal th@Vejias & Lago 2000).

The protonation reactions require the formatiobarfids between the protons and
the proton acceptors in solution, which is assediatith a negative enthalpy change. In
addition, the formation of €H (average value -110.7 kcal rifpl(Atkins & Jones 1999))
and N-H bonds (average value - 92.7 kcal thalAtkins & Jones 1999)) in the carboxylic
group and in the imidazole ring, respectively,dsampanied by energy cost of removing

the water molecules around the unprotonated speuies the subsequent structural
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rearrangements of the solvent. All these factory oetribute for the overall enthalpy
change associated with the protonation reaction.

Experiments performed by TR-PAC have also showat tiie heat released per
mole of photons upon protonation of Glu and acetaéze 0.7 and 2.0 kcal mbl
respectively (Abbruzzetti, Viappiani, et al. 200@ur results suggested that the heat
released per mole of photons upon protonation oboglic groups varies between
6.6 kcal mot for Ac-Glu-NH, and 3.9 kcal mél for Ac-Asp-NH,. Both values are higher
than the communicated by Abbruzzetti and Viappi@yi. applying Equation 3.9a, our
photoacoustic data revealed negative values of agthchange for Ac-Glu-NH
(-9.6 kcal mof), Ac-Asp-NH (-16.5 kcal mot), a slightly negative value for Ac-His-
NHMe (-0.5 kcal mof) and a positive value for imidazole (4.0 kcal oDver the years,
the thermodynamic data for ionization reactionseferal buffers have been studied using
different techniques such as calorimetry, potendisim titration, among many others
(Goldberg et al. 2002). Enthalpy change for theization of acetic acid corresponds
approximately to -0.19 kcal midl For L-histidine and imidazole, values for entlyalp
change due to the ionization reaction were arouicaiid 8.6 kcal mdl| respectively. In
general, our photoacoustic results suggest thatptiotonation reactions studied are
associated with relatively low enthalpy changes,ictvhis consistent with the
thermodynamic data obtained for ionization procesdewever, the estimated error in the
determination of the heat released per mole ofgtsofor the protonation reaction®.,j

precludes a more precise comparison with the tiieza

Protonation Rates

The diffusion rate constant in water at 3.0 °Cppraximately 3.7 x 10M™ s*
(Equation 4.8). Following our experimental resultse bimolecular rate constarik,)
associated with the protonation of Ac-Glu-NEnd Ac-Asp-NH is significantly higher
than that determined for Ac-His-NHMe. The averagdug of k, for protonation of
carboxylic group is approximately 2.5 x ¥ ™s?, while for the protonation of imidazole
groupks, is more than one order of magnitude lower, 1.9%\’s™. Those results suggest
that the protonation reaction involving the negaliivcharged carboxylic acids and the

uncharged imidazole groups may be diffusion coletdoteactions.
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Chemical reactions controlled by diffusion are elcéerized by several properties,
namely their rates have an inversely relation vift solvent viscosity, the activation
energy is relatively lower and the size of the tiegcmolecules do not affect significantly
the diffusion constant. In particular, the diffusicate constant for reacting molecules with
equal molecular radius is described by Equationwittereks is the Boltzmann’s constant,

r is the molecular radius, amglis the solvent viscosity (Formosinho & Arnaut 203

_ 8kgT
7

Ko (4.8)

Diffusion limited reactions are strongly affecte¢ the presence of charged
species in solutionThe diffusion rate constant of reactions between ¢tWwarged species
need to include an electrostatic parameter to tescthe attractive and repulsive
interactions as described by Equation 4.9, wheis the dielectric constant is the
temperaturedag corresponds to the sum of the molecular radiushef tivo reacting

molecules ande the charge of the ion (Formosinho & Arnaut 2003).

_ 8kgT  ZpZge?
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(4.9)

The protonation reaction of carboxylic acids inwsthe diffusion of two charged
species, proton and Ac-Glu-NHor Ac-Asp-NH. On the contrary, the protonation of
imidazole is characterized by the diffusion of tireharged molecules of Ac-His-NHMe
and the positively charged protons. It has beemvshareviously that charged species of
opposite charges have diffusion rate constant highan neutral molecules, due to
atractive interactions between ions (Formosinho r&iait 2003). Thus, it is expected that
reactions involving one charged specie and a reuotddecule, such as the reaction
between Ac-His-NHMe and the photo-released probyns-NBA, may be governed by a

lower rate constant than the reaction involving@ne and carboxylic acids.
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The effect of ionic strength

Our results reveal that the presence of 100 mMINsClearly responsible by
slightly decrease in the reaction volume changeselksas in the protonation rates. The
rate of protonation of Ac-Glu-NHin water is 2.4 higher than in the presence of B0
NaCl. The protonation rate of Ac-His-NHMe is de@ea 1.7 times in the presence of 100
mM NaCl. An increase of viscosity of the solutigrupon addition of 200 mM NaCl may
have a contribution to the reduction in the protmmarates. As an example at 25 °C, the
viscosity of pure water is approximately 0.890 né¥#@Kestin et al. 1978), while an
agueous solution containing 100 mM NacCl is charatd by a viscosity of 0.899 mPa s
(Out & Los 1980). Moreover, the ionic strendtistrongly affects the rate constants. In
particular, if the reacting molecules have the @ieocharges the rate constants decrease
because attractive forces between the two molearesreduced due to the screening
effects of other charges in solution (FormosinhAr&aut 2003).

The decrease in the reaction volumes can be expldy the differences in the
dielectric constants upon addition of NaCl, becatleevolume change depends on the
solvent dielectric constamt(see Equation 4.7). The presence of 100 mM Naflldas an
increase in the solvent dielectric constant. Asrsequence, the volume changes observed

decrease due to the inversely relation betweeerdi@ constant and volume change.

Mixtures of Ac-Glu-NH, and Ac-HissNHMe

Proteins can have more than one protonable exmreatb acid residues. Small
natural or synthetic peptides can also have distamino acid residues that can be
protonable within the same pH range. Although mieguf amino acid model compounds
might not be as complex as having the same amii rasidues within a peptide or
protein chain, we studied this model system asoal diost approximation.

With an prepulse pH of approximately 7 and the predease of 4 x I8 mol of
protons in a volume of 1.22 x 2@n?, a pH decrease to 4.8 should be enough to promote
protonation of carboxylic acipK, (04.2) and imidazolepK, [06.6). Our results show that
the protonation reaction of those groups is distimboth kinetics and volume changes. In

fact, volume changes of opposite signal were oleserypon protonation. The Ac-His-

81



NHMe protonation reaction is characterized by e camstant of 1.4 x 2™ s* yielding
a -4.4 ml mol contraction, while the protonation of Ac-Glu-MHas a rate constant of
2.8 x 13° M™ s*, associated with a volume expansion of 3.7 m'mol

Assuming that there is no interaction between théena acid models present in
solution, it can be qualitatively predicted that tbbserved photoacoustic signal will
reflect the volume expansion due to Ac-Glu-Niotonation and the volume contraction
due to protonation of Ac-His-NHMe. In a particulemncentration ratio of Ac-Glu-NH
and Ac-His-NHMe, the positive photoacoustic sigtiat arises from the Ac-Glu-NH
would be canceled by the negative photoacoustmasithat is characteristic of Ac-His-
NHMe. In such experiment the only observed signalild be the negative arising from
the photoacid dissociation.

A precise analysis of the photoacoustic experirhastto take in consideration the
following factors: (i) the distinct kinetics of the protonatin reactiofi$) the relative
quantities of Ac-His-NHMe and Ac-Glu-NtHpresent in solution(iii) the opposite signal
of the volume changesiv) the distinct magnitude of the volume changes. Wh&lBA
photolysis occurs in the presence of mixtures ofGhg-NH, and Ac-His-NHMe the

reactions can be described by the following equatio

0-NBA+hy M ~ H* + NBA~ (4.10)
H* +His O - HisH * (4.12)
H*+Glu™ O - GluH (4.12)
d|H i + + +

Ak e S ) (4.13)
%: kHiS[H ] (4.14)
d[cl .

[dtU] kg [H] (4.15)
Kr = Kyis[His] + kg, [GIU] (4.16)
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Equation 4.10 describes the photorelease of thtomrby o-NBA, which is a
reaction well characterized in terms of kineticsl aolume changes. Equations 4.11 and
4.12 represent the competitive protonation evehite photoreleased proton can either
react with Ac-Glu-NH or Ac-His-NHMe, both present in solution in exceslative to the
protons formed. The quantity of protons presergdlution will decrease with a rate that
depends on the second order rate constants ofnaitaio of both Ac-Glu-NH and
Ac-His-NHMe and the concentrations of both aminddamodel compounds. The
individual rate constant&g, andky;s, for both processes have already been reported.

Within the limited range of frequencies sensedt®y piezoelectric detector, the
acoustic waves arising from our experiment candpaimted in time resolved elementary
processes, corresponding to pressure waves depasitthe solution at distinct time
scales. The photoacoustic signal does not foll@vdisappearance of one single reagent.
In a set of competitive reactions, the pressureewawill not depict the disappearance of
the protons, but the “individual” volume change qasses that contribute to that
suppression. In our experiments, it is followed thwume changes occurring upon
formation of the protonated species (GluH and Hjshh fact, if the individual processes
occur with distinct time scales and give rise tdl wefined volume change, photoacoustic
calorimetry, using the two temperature method, khbe able to resolve both processes.
The decrease of protons in solution will be govdrigy Equation 4.16, but the
photoacoustic waves should retain information othktbe two competitive processes
occurring.

Photoacoustic waves obtained for mixtures of Ac-SBHp, and Ac-His-NHMe
with distinct relative concentrations (1:2; 1:4511:7) were first analyzed using two
sequential exponential decays. Although a fastmelecontraction that can be associated
with theo-NBA photolysis was clearly identified, the secdadt volume expansion could
not be directly associated with any reactive precd$iese observations are consistent
with the fact that the photoacoustic signal obsgrige originated from three distinct
processes. Using ti&PAC software was only possible performed fits witretihprocesses
assuming three sequential exponential decays degumwithin distinct time scales.

However, the protonation reactions under study ocompetitively, not sequentially.
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Figure 4.15: Predicted lifetimes (A) and volume changes (B) upmtonation of Ac-Glu-NH
and Ac-His-NHMe in different concentration ratioxtures.

Figure 4.15 presents the predicted lifetimes antlime changes, when the
protonation reactions are investigated in sepaifidte. volume changes can be predicted
from the fraction of protonated molecules of eactin® acid model under and the volume
change obtained for the isolated amino acid mdeigu¢e 14.5).

Since the two protonation reactions occur at diifer time scales, our
experimental data were fitted using three expoakmkecays. In fact, it is possible to
separate the two opposite signal volume changestalpeotonation of Ac-Glu-NK (a
faster volume expansion) and Ac-His-NHMe (a slowetume contraction). These
volume changes clearly follow the predicted trendFigure 4.15. Quantitatively, the
volume changes observed for Ac-His-NHMe are latigan the predicted values and at the
concentration ratio of 7:1 the volume change oleiig close to the ones obtained for

Ac-His-NHMe samples. At lower concentration ratidke volume changes observed
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Ac-Glu-NH, in mixtures are similar to the predicted valuean&dl as to that observed for
Ac-Glu-NH, samples. For higher concentration ratios the tatiom overestimates the
observed result.

Our results suggest that it is possible to applpt@dcoustic calorimetry to
separate the contribution of the volume contractioa to imidazole protonation from the
volume expansion arising from the carboxylic acidtpnation in Ac-Glu-NH and
Ac-Asp-NH, amino acid models. Furthermore, our results inditiaat this separation may
be possible even when the distinct diffusion eff@etthe individual protonation rates of
carboxylic and imidazole groups does not contriliotthe separation, as in a polypeptide
chain.

85



86



Role of ionizable amino acid residuesmn
helix conformational stability and folding

dynamics

5.1 Introduction

Our contemporary understanding of protein foldirghgvays have been greatly
enhanced by the study of single domain peptidear(&& Ciani 2004; Kubelka et al.
2004; Buchner et al. 2011). Some short peptidenfeags excised from proteins can fold
autonomously in aqueous solution into native-likaformations (Shoemaker et al. 1987;
Blanco et al. 1994; Searle et al. 1995; Mukherjéeale 2008). These polypeptide
fragments may act as a folding nucleus and plagitigat role in initiating and driving
protein folding (Dill 1990). Moreover, many feataref the overall protein folding process
have been observed in the folding of these shaptigee fragments, including general
hydrophobic collapse, close packing of side chaamgl the formation of intramolecular
hydrogen bonds (Fairman et al. 1990; Shoemakdr £990; Kobayashi et al. 2000; Ciani
et al. 2003; Seshasayee et al. 2006; Santiveti 20@8). Therefore, due to their small size
and the structural simplicity, short peptide fragisethat fold into well defined structures
are ideal model systems for examining factors guagrthe mechanisms of formation of
the regular secondary structural elementdielices (Du et al. 2007; Mukherjee et al.
2008), F-hairpins (Chen et al. 2004; Du et al. 2004; Schrad al. 2007), and other short
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structural motifs (Fierz et al. 2007). Here, weeit to investigate in detail the
conformational dynamics and stabilizing factorstdgbnting for thea-helix formation in a
short peptide fragment.

a-Helical secondary structures occur widely in prageand their folding and
stability has been a subject of great intereststreral years. Moreover, experimental
studies have suggested that the stability of natigkcal conformations in amyloid-
forming peptides and proteins, such as amy@igeptide (Ito et al. 2011), transthyretin
(Palaninathan 2012) and lung surfactant proteirk@litferg et al. 2001), play a crucial
role in the aggregation behaviour of such proteieducing their propensity for amyloid
fibril formation. As a consequence, examining theergetics and kinetics afi-helix
formation is essential not only to understand pnofielding but also to provide structural
insights into the molecular basis of amyloid forimat A variety of spectroscopic methods
have been employed to examine the nanosecond dgaliyimamics of monomerig-helices
in response to a conformational trigger, such &ngerature jump (T-jump) (Du et al.
2007; Mukherjee et al. 2008; Lin et al. 2011), a pithp (Abbruzzetti et al. 2000;
Causgrove & Dyer 2006), or a photo-triggering evéitedenbeck et al. 2005). In
addition, numerous theoretical and computationadies have also been carried out (Wu
& S. Wang 2001; Wei et al. 2005; Morozov & Lin 2Q®andogin et al. 2006). Because
in absence of stabilizing tertiary contacts, isdaprotein helical fragments frequently
present low conformational stability and/or higimdency to aggregate, these previous
studies on the folding dynamics and mechanismsi-bélix formation have focused
mainly on alanine-based peptides. This is becalasena has the highest helix-forming
propensity (Marqusee et al. 1989). Although stughyatanine-rich peptides has provided
invaluable information on the kinetics and mechamnisf a-helix formation, such
sequences are rarely encountered in proteins. Mergalanine is not the most abundant
residue in native peptides and proteins, and mawrbgise to assume that naturally
occurring helices would show similar folding rats those of alanine-rich peptides. In
fact, recent studies using laser-induced T-jumpaxaion kinetics with infrared
spectroscopy detection, were applied to investigatefolding kinetics of the neuroactive
peptide Conantokin-T (Con-T) (Du et al. 2007) ahd tentral helix of the ribosomal
protein L9:41-79 from the bacteriuBaccilus stearothermophilus (Mukherjee et al. 2008),
and have suggested that individaahelical segments in proteins may fold on a timedesc

significantly slower than the folding time of alaetbased peptides. Both these peptides
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exhibit unusually high helicity in aqueous solutidue to a series of side chain-side chain
interactions, most of which are electrostatic itura In particular, the sequence of Con-T
is rather unique because it contains fgwparboxiglutamic acid residues which are less
commonly found in nature. Taken together, thesaltesiave proposed that salt-bridges
play an important role in determining the foldirader ofa-helical peptides. However, our
current understanding of the folding dynamics efdkhelix motif is still mainly based on
studies of model peptides with very limited seq@ewariation. As a consequence, the key
factors governingi-helix formation of peptides composed by naturalbcurring amino
acids need to be further examined.

In the present work, we examine the role of spedifteractions, such as salt-
bridges andestacking interactions, on the folding dynamics atability of ana-helical
model peptide with 13 amino acid residues usingtigsolved photoacoustic calorimetry
(TR-PAC) experiments triggered by a laser-induddejyump. The model protein fragment
selected is an analogue of the well studied C-degdtom bovine pancreatic ribonuclease-
A (RNase A) (see Figure 5.1 and Table 5.1). C-peptesults from cyanogen bromide
cleavage and its sequence corresponds to the &BniNintal residues of RNase A. Several
nuclear magnetic resonance (NMR) and circular dishn (CD) studies have shown that
C-peptide exhibit high helicity in aqueous solutiorthe presence of 100 mM NaCl and at
pH 5. Moreover, these studies have also revealeellashaped pH profile for the total
helix content with a maximum near pH 5 (Shoemak@85] Shoemaker et al. 1987;
Fairman et al. 1990; Shoemaker et al. 1990). ThezeiC-peptide and some analogues
sequences have been classified as the shortesbt amid sequences that display pH-
dependenta-helix formation in aqueous solution. Thus, theseina acid sequences
represent an excellent model system for examininfplding/folding dynamics and
energetics ofi-helix formation using a laser-induced pH-jump tagae.

Amino acid substitution studies have been exhaglstiperformed to investigate
a-helix formation in analogues of the C-peptide.Tiable 1.1 are listed the amino acid
sequences of eight C-peptide analogues that wereiopisly studied. Most of these
peptides are frequently designed with the N-termarad C-terminal blocked to avoid
destabilizing interactions between theNH;" and o-COO groups and then-helix
macrodipole. These studies have provided strongleaece that specific side chain
interactions including salt-bridge formation andraatic interactions must stabilize the

a-helical conformation at pH 5.
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Figure 5.1: Ribbon diagram of the three-dimensional structirBNase A (PDB entry 3DH5).
The C-peptiden-helix comprising the 13 N-terminal residues of RB&A is represented in
blue.

Table 5.1: Amino acid sequences of C-peptide analogues.

Peptide Sequence

C-peptide KETAAAKFERQH -homoserine lactne
RN21 Acetyr AETAAAKFLRAHA-NH
RN23 Acety- AATAAAKFLRAHA-NH
RN24 Succiny- AETAAAKFLRAHA-NH
RN25 Acetyr ARTAAAKFLEAHA-NH
RN26 Acety- ADTAAAKFLRAHA-NH
RN54 Acety- AATAAAKFLAAHA-NH,
RN77 Acety-r ARTAAAKALEAAA-NH2
RN80 AcetyF-AETAAAKYLRAHA-NH,

Initially, it was hypothesized that there was ab#izing salt-bridge formed
between the side chains of Glu-9 and His-12 (Biesky 1982). However, subsequent
studies disproved this hypothesis (Shoemaker 198&jppears instead that the stabilizing
ionized groups are the side chains of Glu-2 and1idisboth located at opposite ends of
the a-helix, which suggests the existence of a favorabteraction with thea-helix
macrodipole (Shoemaker 1985; Shoemaker et al. 1983eover, a salt-bridge between
Glu-2 and Arg-10 has been detected in the crystattwire of RNase A (Wlodawer &
Sj6lin 1983) as well as in C-peptide in aqueousttmh (Shoemaker et al. 1987; Osterhout
et al. 1989; Fairman et al. 1990; Khandogin e2@06). Synthetic peptides in which either
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Glu-2 or Arg-10 was replaced by Ala have providegport for the importance of this
interaction in stabilizing thei-helical conformation. In addition to interactingvbrably
with the a-helix macrodipole, His-12 might also formmastacking interaction with Phe-8
(Shoemaker et al. 1987; Osterhout et al. 1989; i8h&er et al. 1990; Khandogin et al.
2006). Experimental and computational evidencegesigthat this interaction is stronger
for the protonated than for the nonoprotonated fofidis-12.

Herein, the C-peptide analogue investigated was(R($8e Table 5.1) because
tyrosine absorbance allows accurate determinatfopeptide concentration. Moreover,
previous studies have shown that replacement of8Pine Tyr-8 produces only a small
effect on the interaction with His-12 maintainingethelical content (Shoemaker et al.
1990). Destabilization on site-specific regions tbfs a-helical peptide model was
achieved by protonation of individual amino acidideies in the peptide sequence, using a
laser-induced pH-jump method. Conformational andlaglyics parameters, such as volume
changes, enthalpy and kinetics on the nanoseconmhi¢cosecond time scales were
obtained using TR-PAC. In addition, CD and NMR was®d to characterize structural

details at different pH conditions.

5.2 Materials and Methods

5.2.1 Sample Preparation

The RN8O0 analogue of the C-peptide was custom-sgitbd by GenScript
Corporation, at a purity of >95 % by HPLC analysitfie C-peptide analogue has the
sequence: AETAAAKYLRAHA, with the N-terminal groumodified by acetylation and
the C-terminal group modified by amidation. Peptigelutions were prepared by
dissolving the lyophilized peptide samples in tipprapriate solvent for each different
experiment. The final peptide concentrations wenecked optically on a Spectronic
Unicam UW500 spectrometer by tyrosine absorbance at 280 nm, using
€280 = 1490 M'cmi* (Creighton 1997).

Deuterium oxide (RO, 99.9 atom % in D), bromocresol purple (BP) and
o-nitrobenzaldehydeofNBA) were purchase from Sigma-Aldrich Chemical QGamy, St.
Louis, USA. Sodium deuteroxide (NaOD, 99.5 % inwys obtained from Cambridge
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Isotope Laboratories, Inc., USA. Deuterium chlor{@Cl, 99.7 % in D) was obtained

from Isotec, Inc., USA.

5.2.2 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded on @lis DSM-20 CD
spectrophotometer with a temperature-controlletitedter. The C-peptide analogue was
dissolved in an aqueous solution with 100 mM Nagid the pH of the samples was
adjusted using HCI and NaOH. Final peptide conedioins were approximately 1 and 9
mg/ml for far-UV and near-UV CD experiments, respedy. Far-UV measurements
were recorded between 190 nm and 260 nm, using m®. path length cell, at 3.0 °C and
20.0 °C. The near-UV data were collected in thealength range of 250 to 340 nm with a
2.0 mm path length cell, at 3.0 °C. CD spectra wenewith a step-resolution of 1 nm, an
integration time of 5 s, and using a bandwidth .6f ®m. The spectra were averaged over
at least three scans and corrected by subtractithe douffer signal.

The results are expressed as the mean residudicéllif®]urw, defined as
[Olwrw = BOopd0.1IMRW)/(C), where By is the observed ellipiticity in millidegrees,
MRW is the mean residue weigltis the concentration in milligrams per mililitr@nd| is
the length of the light path in centimeters. Noieduction was achieved by adjacent-
averaging smooth processing using the software ggeclOriginPro7 (OriginLab
Corporation, USA). Secondary structure was estithdte analysis of the far-UV CD
spectra between 190 and 240 nm, using the prog@MTIN (Provencher 1982).

5.2.3 Nuclear Magnetic Resonance Spectroscopy

Peptide samples for NMR were dissolved in 100 mMCN=zontaining 10 % (v/v)
D,O to a final concentration of approximately 3 mMoeStra of the RN80 C-peptide
analogue were obtained at four different pH val(®8, 5.6, 7.1, 8.7). The pH of the
solution was adjusted by addition of appropriat@ants of either DCI or NaOD. The pH
was measured by using a glass microelectrode asdhatacorrected for the isotope effect.

NMR measurements were performed on a Bruker Avaihe#0 spectrometer

operating at a proton frequency of 400.133 MHz, ahé temperature of 3.0 °C. The
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sample temperature was calibrated against a mdtlstaredard. One-dimensional NMR
spectra and a set of typical homonuclear two-dinoeas$ spectra were recorded: double
quantum filtered correlated spectroscopy (DQF-COfY¢rome & Williamson 1990),
total correlated spectroscopy (TOCSY) (Shaka et@88), and rotating-frame overhauser
effect spectroscopy (ROESY) (Bax & Davis 1985).alh two-dimensional spectra, the
sign of the frequency in the indirect dimension wigcriminated using the States-TPPI
method (Marion et al. 1989Y.ypically, one-dimensional spectra were collectethwi6
scans and 16k data points in the time domain, wigpectral width of 4424 Hz. Two-
dimensional spectra were collected with 512 incr&s¢8 scans eaclhr) t1 and 2k data
points in t2, using a spectral width of 4424 Habwth dimensions. The water signal was
suppressed by excitation sculpting with z-gradigfitsvang & Shaka 1995)TOCSY
experiments were performed with a mixing time of &d 80 ms using homonuclear
Hartman-Hahn transfer using the DIPSI2 sequencmixing (Shaka et al. 1988). ROESY
experiments were collected with mixing times of 2800 and 400 mOne-dimensional
free induction decays (FIDs) were apodized withkzdine broadening function and zero
filled to 32k data points prior to Fourier transfation. TOCSY and ROESY FID’s were
apodized by QSINE window functions in both dimensiowhereas DQF-COSY were
apodized by a 0° phase shifted squared sine-betiom function in t2 and a 0° phase
shifted bell function in t1. Baselines were typigatorrected using a fourth order
polynomial function in both dimensions. A FLATT laedise correction algorithm was
further applied to the t2 dimension in TOCSY expemts (Guntert & Withrich 1992).
The NMR data was processed using the program Top8ifi and the cross-peak
intensities were determined by volume integratidhe 3., coupling constants were
measured from both one-dimensional and DQF-COS¥tspe

Saturation Transfer Difference (STD) NMR spectraagier & Meyer 1999) were
acquired at 3.0 °C, with a standard pulse sequeocethe Bruker library with a spin-lock
(T1p) filter for protein background suppression and ewauppression with excitation
sculpting using z-gradients. The spectra were cigtewith256 increments in a matrix of
32 k data points in t2 using a spectral window4f®Hz centered at 1877.8 Hz. A 2 kHz
spin lock filter with a length of 15 ms was usedr Hwe on-resonance spectra lsar),
selective saturation of peptide resonances wasnpeefl by irradiating at 526 Hz using a
series of Eburp2.1000 shaped 90° pulses (50 mss detay between pulses) for a total
saturation time of 2.5 s. For tluff-resonance spectra Ip), irradiation was performed at

10000 Hz. All data was processed using the prograpspin v2.1 and the STD spectra
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were obtained after subtraction of threresonance spectra from theff-resonance spectra
(Isto = lo = lsar). Control STD-NMR experiments were performed usang identical

experimental setup and the same ligand concentrhtibin the absence of the peptide.

5.2.4 Time-Resolved Photoacoustic Calorimetry

Sample solutions for photoacoustic measurementg wegpared by dissolving
the lyophilized peptide samples into an aqueoustisol containing 100 mM NaCl and
sufficiento-NBA to produce a final optical absorption of Oba 1.0 cm path length cell,
at 355 nm. Peptide concentrations varied betweénpR0 and 2.0 mM. Bromocresol
purple (BP) was used as the photocalorimetric egfge compound. BP was dissolved in
an agueous solution containing 100 mM NaCl anaptscal absportion was adjusted to
match that of the sample solution at 355 nm. Theopthe sample and reference solutions
was adjusted by addition of concentrated HC| or Na@hd measured using a glass
microelectrode. The pH of BP solutions was adjuste@l 0, in order to avoid instability in
optical absorption at the excitation wavelengthl. @&tperiments were repeated at least
three times.

Experiments of laser-induced pH jump coupled whbtpacoustic detection were
performed using an home-made time-resolved photwicocalorimetry flow cell with
temperature control and automatic injection (Kloedyminge pump). In Chapter 3 is
presented a detailed description of the experinheetap. As light source, operated at 355
nm, was used the third harmonic of a nanoseconwvi@red Nd:YAG laser (Ekspla
NL301G). The laser pulse width was approximatelysg and the repetition rate was 10
Hz. The typical maximum power per pulse used in #xperiments was 1.0 mJ.
Furthermore, each solution analyzed (sample, BPsahent) was excited with four laser
intensities corresponding to 25, 50, 75 and 100f ¥he full laser intensity by employing
neutral density filters. The PAC signals were measgietween 1.8 °C and 20.0 °C, and
the temperature variation during an experiment arasind0.5 °C. The sample data were
analyzed by comparison with those for the calonioeteference compound, which
releases all the energy absorbed upon photoexcitat heat with a quantum efficiency of
1.0. The photoacoustic pressure waves were detedied) 2.25 MHz and 0.5 MHz
frequency microphones (Olympus Panametrics, USAE PAC signals from 200 shots

were averaged, amplified by a preamplifier and tlemorded using a digital oscilloscope.
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The principles of deconvolution of photoacousticvefarms are described in
detail in Chapter 3. Briefly, the observed time-elegent acoustic sign&lt) is produced
by the convolution of the time-dependent functidnttee decay procesbl(t) with an

instrument response function, or reference wavefa(th
E(t) = T(t) O H(t) (5.1)

The instrument response function, essential to mesation, was obtained by
recording the signal from the reference BP. Becdhseheat release of the reference
compound is much faster than the instrument regptinge, the signal for the reference
compound was used as the instrument responsedarct).

The functionH(t) represents the overall time-dependent volume ahangritten

as the summation of sequential single exponermiaig:
N4 i)
Ht)=> e (5.2
i G

where ¢ and 7; are the respective amplitude and decay time f@itthcomponent in the
sum of the exponentials. THEPAC software developed in our laboratory was used to
obtain theg and r; parametergSchaberle et al. 2010). This software provide rzatlydical
description for the instrumental response photosiiouwave T(t), and the analytical
solution for the convolution betweeRlt) and the heat functioh(t). The ¢ and 7
parameters are varied until the calculdi) fits the experimental wavg(t). The kinetics
of processes occurring faster than roughly 10 mnaiabe resolved, but the integrated
enthalpy and volume changes can be quantified frenamplitude of the acoustic wave.
Structural volume changes as a function of thetemlupH and the peptide
concentration were determined using a two-tempegattethod (Gensch & Braslavsky
1997). The sample waveforms were acquired at thepeeature J-o, for which the
thermal expansion coefficient of the solutigh), is zero. The value of g, can be
determined experimentally by measuring the tempezaat which the signal for the
reference compound vanishes. The thermoelastienedea (Gp/f) of 100 mM NacCl as a
function of temperature was determined by usingaBPa reference compound in pure

water compared to 100 mM NacCl. Under our experiadecdnditions (100 mM NacCl) we
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found Tzo = 1.8 °C. The reference waveforms were measured slightly higher
temperature, o = 6.0 °C. Signals measured af-originate solely from the structural
volume changes in the solution and include no dpithaontributions. The extent of the
observed structural volume chang¥; (estimated as milliliters per mole of absorbed

photons) is calculated froig as:

AV, =gE, (C_ﬂpJ (5.3)
P gzo

whereE; is the energy of one mole of photons at the excitavavelength andgdCyp) z0
is the thermoelastic parameter of the solutionzf T

Experiments conducted at multiple temperatures bhaen used to determine for
each transient the heat release, the structuraimmlchange and, from the temperature
dependence of the rate constants, the activatierggrfCallis et al. 1972; Peters & Snyder
1988; Braslavsky & Heibel 1992). Deconvolution vpesformed at several temperatures,
and the pre-exponential factogswere used to determine the energy contemg, of the
transient at each temperature. This parameter kexs plotted versus the thermoelastic

parameter of the solutiorCfp/f)s-. From the linear relation:
C
AE) =Q +AY, (%p) (54

it is possible to determine the heat release afeitation per mole of photons absorlggid
(from the intercept) and the structural volume g®per mole of photons absorhédd,
(from the slope) for eadilth process.

In both methods, two-temperature and multi-tempeeatthe volume changes can
be converted into molar reaction volume (expressedilliliters per mole of molecules)
dividing 4V; by the deprotonation quantum yield®NBA, &, = 0.4, (George & Scaiano
1980). The heat release per mole of pho@nbtained using the multiple-temperature
method, can be converted in enthalpy change takiegnsideration the quantum yield of
0-NBA.

The temperature dependence of the rate constamis be analyzed by the

following relationships:
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k =koe 5/RT (5.5)

Ink =Ink —E 5.6
° RT

wherek = 1/r. The activation energye() and the pre-exponential factky could then be

derived from a linear plot of lkvs 1/T (Arrhenius Plot).

5.3 Results

5.3.1 Evidence for RN8@-Helical Structure at pH 5.0

The currently available information on C-peptidealagues structure were
obtained mainly from far-UV CD and one dimensiofidiNMR and have shown that
these peptides, constructed with specific sidercliateractions, are folded in a stable
a-helical conformation in an aqueous solution wi@® InM NacCl, at pH 5. In particular,
C-peptide analogue RN24 (see Table 5.1) has beeaibjact of great interest and several
studies using CD, NMR and computational approablaes been performed (Osterhout et
al. 1989; Khandogin et al. 2006). Moreover, ithe bnly analogue whose structure has
been examined in detail using a set of two-dimeraitH-NMR experiments (Osterhout
et al. 1989). The assignments have been depoditibe Biological Magnetic Resonance
Data Bank (BMRB) with accession number 302. Herestuelied the C-peptide analogue
RN8O0 (see Table 5.1), which is a 13 amino aciddresipeptide with two basic, one acid
and one aromatic residue, and C-terminus and Nuteistblocked. Only a few studies
have been conducted with the analogue RN80. Thassttuctural features of this peptide
were first examined using the standard experimemadiitions (100 mM NaCl and pH 5)
by NMR and CD in order to demonstrate that RN8Gsgmé similar properties to those
previously observe in the well studied C-peptidalagues.

Far-UV CD spectra were used to monitor the helioityRN80 in 100 mM NacCl,
at pH 5. As shown in Figure 5.2, the far-UV CD dpaum of the peptide at pH 5 and 3.0

°C exhibits the characteristic double minima awhelices at 222 nm and 208 nm,
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indicating that the helical conformation is sigoéintly populated under these experimental
conditions. The fraction of helical content was mjitatively estimated using the program
CONTIN. At pH 5 and 3.0 °C, the helical content vestimated to be approximately 55
%, i.e., about 8 amino acid residues are-tmelix conformation. Moreover, in Figure 5.2
is also shown that increasing the temperature B8d?C to 20.0 °C results in an increase
in the random coil population from 45 % to 70 %. &gected, the degree of helicity of
the RN80 analogue is temperature dependent anéafss with increasing temperature.
This behaviour is consistent with previous studpesformed with others C-peptide

analogues.
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Figure 5.2: Far-UV CD spectra of RN80 in 100 mM NaCl and pHa63.0 °C (filled circles)
and 20.0 °C (open circles). The double negativek peaapproximately 208 and 222 nm is
typical of a-helix secondary structure.

Moreover the structure of the peptide RN80 was also inyattd using a set of
two-dimensionafH-NMR experiments, and it was possible to identifg complete spin
systems of most of the 13 amino acid residues Hir €-peptide analogue. The atom
identifier used throughout this chapter, as welaag NMR related nomenclature, follow
the guidelines previously described (Markley etl898) (see Figure B.1).

Figure 5.3 shows théH"-'H® fingerprint region of DQF-COSY and TOCSY
experiments of the RN80 analogue in 100 mM NaCphHt5.6 and 3.0 °C. Only 11 spin
systems were assigned unambiguously, because essidar1 and Ala-5 present identical
H"and H' chemical shifts which can explain the difficultydssign these residues at pH 5.

However, experiments performed at different pH doris helped to discriminate both
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spin systems allowing the assignment of Ala-1 and-5A Therefore, all expected
correlations for a 13 residue peptide were obtaimMddreover, expansion of the NH-
aliphatic region of TOCSY spectrum show the amalalpha and amide to side chain spin
systems for each assigned residue (see Figure Bh)identified spin systems at pH 5.6
are characterized in Table B.1 of the appendix.

FLppml

Figure 5.3: Superimposition of th&H" —*H” fingerprint region of the DQF-COSY (in red and
green) and TOCSY spectra (in blue) of RN80 in 9tH3®@/ 10 % RO containing 100 mM

NaCl, at pH 5.6 and 3.0 °C. The cross peaks amdddlby the three-letter amino acid code and
the residue number.

The sequential assignment of the peptide resosarties on the observation of a
series of inter-residue NOEs, namely'(BFH"(i+1), H'(i)-H"(i+1) and HiG)-H"(i+1)
(Wuthrich 1986). Figure 5.4 presents a survey @&f #xperimental data used for the
secondary structure determination of RN80 in 100 m&CI, at pH 5.6 and 3.0 °C.
Connectivities between sequential' ler H* protons were observed along the peptide
sequence from Ala-1 to Ala-11. The connectivitieraviost due to identical™chemical
shifts between residueis i + 1 with i = 11, 12. Furthermore, some connectivities
HP(i)-H"(i+1) were also observed. It can also be seen thatldition to sequential NOEs
extending along the molecule, there are a conditeraumber of F(i)-H"(i+3) and

H(i)-H®(i+3) NOEs, which are characteristic of a helicalctire (Wthrich 1986). This
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NOE pattern suggests that the peptide RN80 s-halix over most of its length at pH 5.6
and 3.0 °C.

HNH® vicinal spin-spin  coupling constantSJ{u.) can provide further
conformational information. These coupling constaarie related to the torsional angle
by the Karplus equation (Karplus 1958} coupling constants were measured from
both one-dimensional and DQF-COSY spectra. The rabdevalues are indicated in
Figure 5.4 and in Table B.4 of appendix. It is abed that at pH 5.6 most of thedk
coupling constants are smaller than 6 Hz, congistéth the existence of a helical
structure for most of the molecule. Values higlhant6 Hz observed for Glu-2, Thr-3 and
Ala-13 may reflect some end effects, either partiakinding of the helix or distortion of
its geometry. These results are in agreement wighfar-Uv CD results showing that
around 8 amino acid residues areiihelix conformation.

In addition, H chemical shift data available from our experimemtse used to
perform a qualitative secondary structure estina@®ording to the chemical shift index
(CSI) strategy (Wishart et al. 1991; Wishart etl&92; Wishart et al. 1995). Briefly, since
the chemical shift is sensitive to the environmdhtshould also contain structural
information. Wishart et al. (1991) have demonsttateat 'H-NMR chemical shifts are
strongly dependent on the character and naturerateip secondary structure. The
chemical shift index method relies on calculatidrcioemical shift deviations foiH® (or
3% in all amino acid residues, when random coil ciceirshifts are used as references.
Consecutive deviations large enough to be mearlimgdicate either helical structures or
[G-strands, depending on the sign of the deviatioegative deviations to Hchemical
shifts correspond to local-helical structures, whereas the opposite is tareldcal
[sheet structures. In this way, the location obxhahd strand segments may be identified.
Figure 5.4 shows the CSI behaviour for the C-peptidalogue under study in 100 mM
NaCl, at pH 5.6 and 3.0 °C. Thid® chemical shifts observed are consistently sméiken
the random coil values (CSI = -1) suggesting tresg@nce of an-helix motif. Hence, the
overall analysis of Figure 5.4 clearly demonstrakeg the C-peptide analogue adopts an
a-helical structure in 100 mM NacCl, at pH 5.6 and &C.
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Figure 5.4: Summary of the NMR data used to establish therstany structure of RN80 in
100 mM NacCl, at pH 5.6 and 3.0 °C. Sequential ardiom-range NOEs, chemical shift index
(CSI) of *H* and>Jnnq coupling constants are presented, along with the@acid sequence.
The height of the bars for NOE connectivities iladés the NOE intensity. Values Yfinnq are
indicated by filled iJHNHa < 6 Hz) and crossed @SJHNHGS 8 Hz) circles.

5.3.2 Examining the pH-dependent Structural Changesf RN80 a-Helix by CD
and NMR Spectroscopy

Previous studies with several C-peptide analog@e® Ishown that there are a
number of potentially favorable short-range and iomeerange interactions along the
peptide sequence which contribute to the unusualge helical content. In order to
examine the relative importance of these interastiwe have undertaken a detailed study
of the effect of pH on the helical content, usingthb CD and NMR spectroscopy.
Furthermore, to understand the pH dependence-bélix formation is essential to
decipher the ideal experimental conditions to emplo the laser-induced pH jump
technique.

CD analysis of the peptide RN80 was carried othéfar- and near-UV regions,
in different pH conditions. The former (shorter wéngths) reflects the secondary
structure, whereas the latter (longer wavelengthfigcts the tertiary structure of the

protein. Figure 5.5 (A) shows that thienelical conformation of the peptide is strongly pH
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dependent. Table 5.2 presents dhkelix contents of RN80 peptide, determined usimg t
program CONTIN, in different pH conditions. As exped, thea-helix content of RN80
reaches its maximum, 58 %, around pH 5.8. Althotighlow-pH forms of the peptide
show a typical far-UV CD curve far-helix, the random coil conformations predominate
and it was obtained an estimated value of 65 %ufwrdered structure. In high pH
conditions, the degree of helical content is exgthér diminished and the estimated value
for random coil is around 70 — 80 %. This decraeagdbe helical peptide population is not
only revealed by a significant reduction in the measidue ellipticity at 222 nm, but also
by the blue shift of the minimum at 208 nm in tle-JV CD spectra. Therefore, in
general, alkaline pH conditions seem to inducergeladecrease in the helical content of
the peptide than acid pH conditions.
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Figure 5.5: (A) Far-UV CD spectra of RN80 in 100 mM NaCl, iifferent pH values and at
3.0 °C. Far-UV CD spectra were fit to a linear camkion of three contributionsuthelix,
S-sheet and unordered structure) to estimateothelix content in different pH conditions,

using the program CONTIN (see Table 5.2). (B) Messidue ellipticity of RN80 at 222 nm as
a function of pH.

Figure 5.5(B) shows the pH profile of tlxehelix content for RN80. As observed
in other C-peptide analogues, the pH-dependentcoihelix formation (as measured by
[@]222nm) is bell shaped with a maximum close to pH 5,.6t°€. The apparenKpvalues
observed are approximately 4.2 and 6.5, suggettimigcharged amino acid side chains
are critical fora-helix stability. A significant sharp decrease gpfidea-helix content is

observed between pH 5 and pH 8. The only grouphe geptide sequence titrating
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between pH 5 and pH 8 is the side chain of His@Ri-2 is identified as the residue
responsible for the decrease in the CD signal bmiweH 5 and pH 2. However,
protonation of Glu-2 only slightly reduces thehelix content. Thus, this bell-shaped pH
profile indicates that tha-helix content may be governed by two pairs of sidain-side
chain interactions, Glu-2:Arg-10 and Tyr-8:His-1Zhe highesta-helix content is
observed at approximately pH 5.5, where both GRr#&l His-12 residues are ionized.
Moreover, since the positive pole of thiehelix macrodipole is near the N-terminus and
the negative pole is near the C-terminus, intevastivith the helix macrodipole should be
favorable at pH 5.5 because Glu-2 is negativelygdthand it is close to the N-terminus

while His-12 is positively charged and it is clasghe C-terminus.

Table 5.2: Estimation of the RN80 peptide secondary strudiune far-UV CD data, using
the program CONTIN.

% Helical % Non-Helical
PH Structure Structures
2.0 35+14 65 + 0.85
2.7 3716 63x+1.0
3.8 46 +1.6 54+15
4.8 55+2.1 45+19
5.8 58+23 42 +2.1
6.8 33x14 67 £0.90
7.5 24 +0.80 77 £0.80
8.3 22+1.2 78 £0.70
9.8 17+£1.1 83x13

The CD signal in the near-UV spectral region (2880 nm) has been reported to
be sensitive to local tertiary structure aroundratic residues (tryptophan, tyrosine and
phenylalanine) and disulphide bonds. In fact, tlEariJV CD spectra generate an
effective fingerprint of the chiral environment armal those residues, providing a tool to
monitor structural changes in proteins and peptitliesr-UvV CD bands from individual
residues in a protein or peptide may be eithertipesor negative and vary dramatically in

intensity. Each of the aromatic amino acid residteesd to have a characteristic CD
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profile: tryptophan with a peak close to 290 nm aitth fine structure between 290 and
305 nm; tyrosine with a peak between 275 and 282 winose fine structure at longer
wavelengths may be obscured by that from tryptoplpdnenylalanine with sharp fine
structure between 255 and 270 nm. The near-UV phsorof the disulphide bond occurs
near 260 nm and is generally quite weak. Moreasemnatic residues immobilized and/or
interacting strongly with neighboring residues proel the strongest signals. Figure 5.6
shows the near-UV CD spectra of RN80 in differedt gpnditions, in agqueous solution
with 100 mM NaCl and at 3.0 °C. A single negatiamd was observed in the wavelength
range between 270 nm and 285 nm due to the cotitribaf Tyr-8. Upon different pH
conditions, significant changes are observed ® wavelength region, indicating changes
in the environment of Tyr-8. As expected, the negaCD band is more intense at pH 5.
Concomitantly with the decrease of secondary siractontent at pH 3 and pH 8, the
near-UV CD spectra show less intense signals. Hegreviously reported for other
C-peptide analogues the interaction between TymeBHis-12 seems to be perturbed with
pH changes. A significant decrease in the CD signalirs at pH 8 because tiwstacking
interaction between Tyr-8 and His-12 is not favodee to the deprotonation of histidine.
These near-UV CD data are consistent with prevwjoablained results from amino acid
substitution experiments, which revealed thatrtetacking interaction between aromatic
residues in position 8 and histidine in positionof2he C-peptide analogues play a crucial

role in folding and their proximity is a key factmr a-helix formation.
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Figure 5.6: Near-UV CD spectra of RN80 in 100 mM NacCl, in di#nt pH values and at
3.0 °C. CD signals in the region between 275 an8l 28 are characteristic of tyrosine
residues.
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The structure of RN80 was also assessetHBMMR in different pH conditions,
namely at pH around 3 and &ven without resonance assignments, the resonance
dispersion observed in a one-dimensional spectambe used as a crude estimate of the
presence of ordered structurdie chemical shifts for protons in the 20 commorinam
acid residues in random coil polypeptides have bertensively studied and well
characterized (Wishart et al. 1993} the polypeptide is unstructured, resonances fifoen
amide (random-coil shifts 8.5 - 8.0 ppm) amdarbon protons (random-coil shifts 4.4 -
4.1 ppm) fall within a small range of chemical &hifwith reduced chemical shift
dispersion. However, folded polypeptides will exhia much broader range of well
defined chemical shifts (Cavanagh et al. 19%he-dimensionalfH-NMR spectra in
different pH conditions indicate that RN80 may pr@&sthe higher conformationally
ordered state at pH 5.6 (see Figure B.3). Furthermat pH 8 theH-NMR spectrum
exhibits broader peaks indicating exchange proaessg different conformational states.
Thus, the peptide in alkaline pH conditions, sushp&d 8, must be in a less regular
secondary structure conformation. The assignemprasonances for RN80 at pH 3 and
pH 8, are detailed on tables B.2 and B.3 of theehplix, respectively.

Figure 5.7 summarizes the inter-residue NOEs obsgerior RN80, at
approximately pH 2.8 and 3.0 °C. Several gaps & shquential connectivities are
observed. Along with sequential NOEs, there areo as®me H(i)-H"(i+3) and
H“(i)-HB(i+3) NOEs, characteristic of helical structure. TE&I pattern indicates
propensity for the existence of arhelical region extending from Thr-3 to Ala-13.
However, only threéJyuna coupling constants are less than 6 Hz (see Taldlp Bhus,
these NMR data seem to indicate a structure mareelyl to helical structure with-
helical propensity but with higher conformationkdxibility, agreeing with the CD data
which indicate a lowera-helical content. This may in fact be a consequeante

conformational dyamics.
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Figure 5.7: Summary of the NMR data used to establish therstany structure of RN80 in
100 mM NacCl, at pH 2.8 and 3.0 °C. Sequential ardiom-range NOEs, chemical shift index
of 'H* and®J4uua coupling constants are presented, along with the@ acid sequence. The
height of the bars for NOE connectivities indicatee NOE intensity. Values Ofhinng are
indicated by filled e < 6 Hz), crossed (& *Jynie < 8 Hz) and openfunug > 8 Hz)
circles.

Figure 5.8 illustrates the distribution of intesidue NOEs along the RN80
sequence in an aqueous solution with 100 mM Na(Ha8.7 and 3.0 °C. A significant
loss in sequential connectivites is observed whempared with the sequential NOEs
pattern obtained at pH 5.6. Most residues haveageecoupling constants £5°Jyiq < 8
Hz) and there are several residues along the peptigieesee that exhibitd couplings
higher than 8 Hz (see Table B.4), providing strexglence that-helical conformation is
not present under these experimental conditiorgs finding is supported by CSI analysis
because no consecutive negative deviations in thechémical shifts are observed.
Moreover, no K(i)-H"(i+3) or H(i)-H"(i+3) NOEs are observed. Therefore, NMR data

indicate that C-peptide analogue RN8O is in a randoil conformation at pH 8.7.
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Figure 5.8: Summary of the NMR data used to establish therstany structure of RN80 in
100 mM NacCl, at pH 8.7 and 3.0 °C. Sequential ardiom-range NOEs, chemical shift index
of 'H* and®J4uue coupling constants are presented, along with the@ acid sequence. The
height of the bars for NOE connectivities indicatee NOE intensity. Values Ofhinng are
indicated by crossed @SJHNHGS 8 Hz) and open?’QHNHa > 8 Hz) circles.

Apart from the patterns of short-range NOEs at epkhthat allowed the
characterization of secondary structure, relevaediom-range NOEs were also observed.
Figure 5.9 shows an expansion of the aromatic regidghe ROESY spectrum of RN80, at
pH 5.6. The cross-peak corresponding to close prgi@ton contacts between the rings
of Tyr-8 and His-12 (depicted by dashed lines) ighlighted in the spectrum. A clear
correlation between the signal for the aromatidgre of Tyr-8 aty = 6.34 ppm and the
signal for protons from His-12 ring at= 8.15 is observed. The presence of this medium-
range NOE suggests that the side chains of thesanmino acid residues are involved in a
Testacking interaction, at pH around 5. Tiestacking interaction between Tyr-8 and His-
12 may be favored at pH 5, because this NOE is il@sfse in the ROESY spectra
collected at pH 3 while at pH 8 is not observedud,ihese results together with near-Uv
CD data provide strong evidence that the aromaintact between Tyr-8 and the charged

His-12 contributes for the increase¢helix stability at pH 5.
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Figure 5.9: ROESY-NMR spectrum of the aromatic region of RN&@juired with a mixing
time of 200 ms, at pH 5.6 and 3.0 °C. The cros&péghlighted in a rectangular box is related
with the n-stacking interaction between protons in the ringsTyr-8 (H%) and His-12
(H*%?). A hypothetical perspective of thestacked rings is displayed and the proton contacts
observed (< 5 A) are represented by dashed lines.

5.3.3 Deciphering the Optimal Experimental Conditims for Laser-induced pH

Jump Experiments

To trigger conformational changes in proteins optjgles using daser-induced
pH jump method is essential to understand how miffe pH conditions affect their
structural stability. In the previous sections, damonstrate that the C-peptide analogue
RN80 seems to be an excellent peptide model fomewag folding dynamics and
energetics ofa-helix formation with a pH jump methodology. Thetensive studies
carried out usingH-NMR and CD have shown that alkaline pH conditiaraise a
significant loss ofr-helix content and the amino acids in the RN80 sage controlling
the pH-induced conformational changes were idewtifMost of these experiments have
been performed at low temperature because thedeeptesents higher helical content (
50 %). Using the two-temperature method, the measents of photoacoustic signals
from the peptide samples need to be collectedvatiéonperature, namely 1.8 °C, where

the peptide contains a larger number of residueshielical conformation.
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Figure 5.10 represents a schematic view of hoferiht pH conditions affect the
a-helical content of the RN8O peptide. Briefly, fhid-dependence curve of RN8¢helix
content is bell-shaped with a maximum near pH 5& the main forces stabilizing this
structure are the salt-bridge formed between Glar®l Arg-10 and ther-stacking
interaction involving His-12 and Tyr-8. Thus, protdion of Glu-2 promotes partial
unfolding of the RN8@-helix (Figure 5.10). Moreover, His-12 protonatipromotes the
folding of the a-helix from highly unfolded conformations (Figure.18). These
experimental findings were used to select the ideaal pH conditions to employ in the
laser-induced pH jump experiments. In the presemkwpeptide samples were prepared in
the presence a-NBA, a well studiedphoto-triggered proton generator, at differentiahit
conditions namely near pH 5 and pH 7. Upon lasexdiation at 355 nmp-NBA
molecules deprotonate promoting a pH-jump. Thus,pvapose to selectively protonate
Glu-2 and His-12 and evaluate their contribution folding dynamics using TR-PAC
measurements.

Before performing laser-induced pH jump experimewes have investigated any
relevant interactions occurring betweeMNBA and RN8O that could perturb tlehelix
structure.

Far-UV CD Signal

T T
1 2 3 4 5 6 7 8 9 10 11

Figure 5.10: Schematic diagram showing the pH effect on Ri8@lical structure.
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5.3.4 Effect ofo-NBA on the RN80a-Helix Structure

Because in the laser-induced pH jump procedusedssential to prepare peptide
solutions in the presence ofNBA, it was critical to investigate if the photadgroduce
any effect in the RN8O0 structure. Figure 5.11 dispibe far-UV CD spectra of RN80 in
the presence and in the absenceo-®fBA. One can see that the two spectra are very
similar. Both display strong negative bands at a6d 222 nm. Hence, the presence of
0-NBA in the sample solutions for photoacoustic nuieasients has a negligible effect on

the secondary structure of the C-peptide analogdernstudy.
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Figure 5.11: Comparison of the far-UV CD spectra of RN80 in #imsence (line) and in the
presence of 2 mM-NBA (circles), in an aqueous solution with 100 MACI, at pH 5 and
3.0°C.

Saturation-transfer difference  NMR (STD-NMR) expeghts were also
performed to detect ib-NBA molecules were interacting with the peptidedenstudy.
The STD-NMR experiment (Mayer & Meyer 1999; MeyeiT&Peters 2003; Viegas et al.
2011) can be used not only for screening ligandh wissociation constant§; ranging
from 10° to 10° M but also to provide insight on parts of the figathat are most directly
involved in binding, since it is expected that tiegions of the ligand having the closest
contact with the protein will show the most interSED NMR signals (Viegas et al.
2011). During the experiment, resonances of theptec are selectively saturated and
intramolecular NOEs are developed within the remephd, in addition, they give rise to

intermolecular NOE effects in a bound ligand. ThBKBE effects may be observed as

110



enhancements in the difference (STD-NMR) spectrasulting from subtraction of this
spectrum from a reference spectrum in which theeptr protein is not saturated.
Enhancements are observed for the ligand resonafiggstons in close contact with the
receptor£ 5 A).

The STD-NMR spectra obtained for the mixtureodfiBA and RN80 at pH 5 and
pH 8, and the reference spectrum for the mixtueunstudy are presented in Figure 5.12.
At both pH conditions, the proton signals®NBA present similar intensity on thmn-
resonance and off-resonance spectra. As a consequence, after subtraction ntorpro
signals appear in the difference spectrum. Theraasef signals in the STD-NMR spectra
of 0-NBA suggests that this compound does not intenditt the RN80 peptide. These
STD-NMR results are in agreement with the far-UV @Rperiments that show no

significant changes on the secondary structureN8@Rin the presence ofNBA.
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Figure 5.12: STD-NMR spectra of RN80 (500M) in the presence of 2 mM-NBA, in an
aqueous solution 90 %.,8 / 10 % BO with 100 mM NacCl, in different pH conditions and
3.0 °C (2.0 s of saturation time). The bottom spectis the'H-NMR reference spectrum of
NBA with the corresponding spectral assignment® asterisk indicates impurities present in
the sample. Note that the signals of the impurgiesnot present in STD-NMR spectra.

5.3.5 Structural Volume Changes and Folding DynamgMonitored by TR-PAC
Although TR-PAC has been widely used to study pindgtated nonradiative

processes in solution, the application of this métto protein folding is quite new. The

principle of TR-PAC is relatively simple. The molge under study absorbs a photon, and
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the light absorption triggers a chemical event thatls to heat release and possibly to a
conformational event. Expansion or contractionha solvent induced by the heat of the
reaction and/or the volume change associated Wwehconformational event generates a
pressure wave, which is propagated through thdignlio a piezoelectric transducer for
acoustic detection. Here, upon laser irradiatigghatoacid produces a pH jump which is
responsible for the protonation of ionizable amimod residues and any subsequent
protein or peptide conformational change.

Since the primary sequence of the RN80 peptidedies one glutamic acid (Glu)
and one histidine (His), mixtures in the ratio ©flthe amino acid models Ac-His-NHMe
and Ac-Glu-NH were analyzed at different initial pHs and at tams solution conditions
needed for the stability of the RN&Bhelix (aqueous solutions containing 100 mM NacCl).
Figure 5.13 shows the photoacoustic wave of dHdBA (prepulse pHLB) and the
photoacoustic waves from the mixture 1:1, at prepyH of 5.3 and 7.3, along with the
BP photoacoustic wave.

Using the CPAC software and at first assuming two sequential egptal
decays, the amplitudes and lifetime 5; of each process were obtained. Under both
prepulse pH conditions, it is observed that thet fjgrocess corresponds to a volume
contraction with a very short lifetime (less tha@ is), while the second process is
characterized by a volume expansion with a lifetaneund 60 ns. The structural volume
changes 4V; and AV,”") were calculated using Equation 5.3 (see Tablg FBe first
processAV; is characterized by a volume contractiorie.6 ml mol*, which is probably
related with the volume change previously describedhe photo-release of protons &y
NBA. When the initial pH is adjusted to 5.3, the pihp protonates mainly the Ac-Glu-
NH, molecules andV,”* is associated with the slower process correspgridia volume
expansion of 3.8 ml mdl (lifetime 0 65 ns). If the prepulse pH is 7.3, the protons may
react with either Ac-Glu-NKHor Ac-His-NHMe molecules. In fact, the structuvalume
changeAV,”® observed at pH 7.3 corresponds to a volume exparddi approximately
2.4 ml mol* (lifetime O 59 ns). Being so, the observed volume expansiqrHa?.3 is
smaller than at pH 5.3. It is worth to note tha¢ trotonation of Ac-His-NHMe is
characterized by a volume contraction (see Cha@pteks previously described in Chapter
4, when a mixture Ac-His-NHMe and Ac-Glu-Nldre present in solution and the prepulse
pH is 7.3, both amino acid models can be protoniaidacing a volume expansion, instead

of the volume contraction typically observed whetydhe imidazole group is protonated.
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At both start pH conditions we considered therfgtiof the experimental PAC
waves with an additional third decay. At pH 5.3 mmokthe Ac-His-NHMe molecules
must be already protonated. In fact, photoacowgtices of the 1:1 mixture measured at
pH 5.3 were not well fitted when we tried to useeth exponential decays because the
third process was characterized gaywith no physical meaning and lifetimesthat could
not be time resolved using the 2.25 MHz transdudervever, when the prepulse pH is
7.3, it is possible to distinguish three processsig three exponential decays. As
previously, the first decay is described by a vaumontraction of approximately
[+3.6 ml mol*. The second decay is characterized by a volumanesipn ofB.1 ml mol*
(lifetime [1L00 ns) and the third corresponds to a volume aotitn of (+1.2 ml mol* that
occurs within 120 ns. While the volume expansiomresponds to the protonation of Ac-
Glu-NH,, the volume contraction it is observed during ginetonation of the imidazole

group from Ac-His-NHMe.
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Figure 5.13: Photoacoustic waves of the 1:1 mixture of the anaicid models Ac-His-NHMe/
Ac-Glu-NH, (500 uM) in different prepulse pH conditions, obtained thg two-temperature
method. The signals from B&hdo-NBA are represented by closed circles and opesiesir
respectively. The signals of the mixture of amim@amodels in aqueous solution containing
100 mM NacCl are represented by solid lines. Thesiffal was measured ag§ = 6.0 °C,
while the signals from both-NBA and the mixture were measured atgl= 1.8 °C.

The kinetics, enthalpic and volume changes regulfrom the pH-dependent
folding/unfolding events of the RN80 peptide wemvestigated using TR-PAC
experiments by performing the two-temperature andtipe-temperature methods and at

different pH conditions, namely near pH 5 and pH 7.
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Figure 5.14 shows the photoacoustic signals optmide RN80 after the photo-
release of protons byg-NBA in different prepulse pH conditions. As can dleserved,
using both prepulse pHs the results are identicdlthere is no significant dependence on
the peptide concentration when compared to the fwaws observed for the amino acid
model compounds (see Chapter 4). Moreover, theakigntained foro-NBA is inverted
when compared with the waveform of BP. After deadatton, the amplitudey and
lifetime 7 of each process were obtained using @AC software. Although a third
conformational process is likely to occur followitige protonation reaction, photoacoustic
data were first analyzed assuming only two seqakenprocesses. The lifetime
corresponding to a very short time (less than 10cas be associated with the volume
contraction observed farNBA photolysis.

The second process corresponds to a volume expansioich is in good
agreement with the studies performed with the metf amino acid models in the ratio
1:1 described in Chapter 4. This process occurseidimtely after photolysis of the
photoacid, and may be associated to the protonatidBlu-2 and/or His-12. When the
prepulse pH was adjusted to pH 5.3, only the Gtas2due is protonated. However, if the
prepulse pH is 7.3 either His-12 or Glu-2 residuey be protonated.

Structural volume changes were calculated usingathplitude values derived
from the fitting procedure and applying EquatioB.5he average value obtained for the
structural volume changAV;, resulting from photolysis 0d-NBA in the presence of
different concentrations of RN80, was approximatdly) ml mol* (see Table 5.3). This
value is in good agreement with previous resultaiobd for the fast volume contraction,
under pH conditions near neutrality and in the @nes of 100 mM NaCl (see Chapter 4).

Figure 5.15(A) shows the dependence of the cakdlstructural volume changes
for the second proces&\(,”) on the concentration of RN80 peptide. Althougtréhis no
high dependence on the peptide concentration, ahes ofAV,”® reach a plateau when
the concentration is greater than 1.2 mM usingeeithbH 7.3 or pH 5.3 as initial
conditions. In the plateau the estimated value tloe structural volume change
accompanying the protonation of RN88V{) corresponds to a volume expansion of
approximately 3.0 ml mdl and 2.2 ml mét, when the prepulse pH is 5.3 and 7.3,
respectively. As in the case of the 1:1 mixture amhino acid models, the volume

expansion observed at higher pH is slightly smatienagnitude.
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Figure 5.14: Photoacoustic waves generated after laser irradiatibtained using the two-
temperature method, at different prepulse pH cant 5.3 (A) and 7.3 (B). The signals from
BP and o-NBA are represented by closed and open circleqectively. The signals of the
RNB8O peptide at different concentrations, and im@meous solution containing 100 mM NacCl
ando-NBA are shown as solid lines. The BP signal wassueed at %o = 6.0 °C, while the
signals from botlo-NBA and peptide were measured at = 1.8 °C. Noise reduction was
achieved by FFT Low Pass Filter processing, using $oftware packag®riginPro7
(OriginLab Corporation, USA).

The rate constant&y=1k,) for this volumetric expansion increase linearlyhw
RN80 concentration, as shown in Figure 5.15(B).niihe slope of the plot of rate
constants as a function of the peptide concentratite bimolecular rate constaqtcan
be determined. At pH 5.3, the protonation of GluR2 RN80 yields ak, value of
1.3 x 13° M's™. When the prepulse pH is 7.3, and therefore HisHlso protonated, the
value ofk, is 2.3 x 18° M st
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Figure 5.15: (A) Dependence ofAV,™® on the concentration of RN80 peptide at different
prepulse pH conditions. The reaction volumAY,j estimated for the protonation of RN80
peptide are reported in Table 5.3. (B) Dependericthe rate constantky{ = 1/r;) on the
concentration of RN80 peptide at prepulse pH of ®@en circles) and 7.3 (filled circles),
using the two-temperature method. Bimolecular catestants were derived from the slope of
the linear relationship (solid lines) of the ratmstants as a function of RN80 concentration,
and are reported &gin Table 5.3.

Table 5.3: Parameters from the TR-PAC experiments obtainetgussie two temperature and
the multiple-temperature methods, and fitting thepezimental PAC waves with two
exponential decays.

Two-temperature Method

AV, AV, Kp
(ml mol?) (ml mol?) (10°M s?)

Prepulse  .35+05 3.0+0.2 1.3+0.1
pH [b5.3

Prepulse 45+1 22+05 2.3+05
pH [7.3

Multiple-temperature Method

AV, Q1 AV, Q> E. Frequency
(ml mol%) (kcal mol®) (ml mol®) (kcal molY)  (kcal mol™) factor

Prepulse  40+03 101.9+4 1.2+02 6.0+1 154+6.1 262+5.0
pH (5.3

Prepulse 53107  104.7+3 1.0+0.3 1.8+1 86+2 226+1.2
pH [7.3
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In addition, we have also examined the protonatibRN80 using the multiple-
temperature method. The temperature-dependend®egbhtotoacoustic signals recorded
between 6.0 °C and 20.0 °C allowed pi, vs Cyp/B, from which the volume change
accompanying each process could be determined fhenslope, and the heat released
from the solution determined from the interceptcoamding to Equation 5.4 (Figure
5.16(A)). The enthalpy changéH,) of the fast process is calculated from the heat
released@,), whereAH; = (E, - Q.)/® and® = 0.4 corresponds to the quantum yield for
the release of protons loyNBA. The enthalpy change of the subsequent kirpticesses
is calculated assuming thaH; = -Q,/®. The temperature dependence of the lifetime also
provides information on the activation energy facle process with rate constant within
the experimental resolution range.

Assuming two sequential exponential decays, thegalvoustic signals can be
described by a fast subresolution process duedmliotolysis reaction ad-NBA and
solvation of photo-dissociated ions followed by@wer decay. This slower process, with
a temperature-dependent rate constant, reflectpribten transfer reactions with either
Glu-2 or His-12 from RN80. The fast decay exhibitcdume contraction (negative slope)
and the corresponding enthalpy change is approgignab5 kcal mof. The protonation
of RN80 induces a volume expansion (positive slafe)pproximately 1.2 ml mdlat pH
5.3 and 1.0 ml méiat pH 7.3. The enthalpy changes obtained foréersd process were
-15.0 kcal mof and -4.5 kcal mdl at pH 5.3 and pH 7.3, respectively.

Figure 5.16(B) shows the Arrhenius plot for theeratf proton bindingk; = 1/r)
to RN8O in different pH conditions. The activatiemergy E;) and frequency factor
obtained from Arrhenius analysis of multiple-tengiare data are include in Table 5.3.

The interpretation of laser-induced acoustic waapd its time-resolved analysis
must be complemented with other tecnhigues to obdgtails on the mechanism of
processes such as protein or peptide folding. Beinghe interpretation of TR-PAC data
is frequently supported by the results obtainedgugécnhiques such as CD and NMR. As
reported in the previous sections, the peptide Rpi86ents pH-dependent conformational
transitions. Under our experimental conditions, whiee laser irradiation o6-NBA is
performed at pH 5.3, a fast pH jump of approximatele pH unit occur. According to the
far-UV CD spectra, this change in pH induces a loks40 % in helical content most
probably due to the disruption of the salt-bridgéween Glu-2 and Arg-10. On the other
hand, if the prepulse pH is 7.3 the photo-reledggaions decrease the pH of the solution
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to a final pH o approximately 4.8. This reductiohpd promotes the protonation of
His-12, favoring ther-stacking interaction between His-12 and Tyr-8, chhleads to an
increase of approximately 30 %. Thus, since theopaiion of either Glu-2 or His-12
induces a conformational change in the peptidesegms to be reasonable to try an
experimental data fit using three sequential exptialedecays. As previously mentioned,
the first and the fastest process results fronotNBA photolysis, and the second process
can be associated with the protonation of the ineggptcharged side chain of Glu-2 and/or
the protonation of the uncharged imidazole grougH@-12. The third process can be
attributed to a unimolecular conformational eveme tb folding/unfolding of thei-helical

peptide RN80 upon protonation of Glu-2 or His-12.
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Figure 5.16: (A) Plots of the energy content for the photo-dissamiabf o-NBA (@E,) and
for the binding of the photo-released protogst() to the RN8O peptide in different prepulse
pH conditions, as a function of the parame@p/s. Cyp/B was changed by varying the
temperature between 6.0 and 20.0 °C. The conciemraf RN80 was 50QM. The volume
changes and heat releases were obtained fromnbar lfits represented by solid lines, and
based on Equation 5.4. The results are reportetlalrle 5.3. (B) Arrhenius plots for the
protonation reaction of RN80 in different pH comalis. The activation energye{) and
frequency factors for each reaction were derivethfthe linear relationship (solid lines) of the
rate constants as a function of 1/T (Equation &) are reported in Table 5.3.

The photoacoustic data collected at pH 7.3 coutdoeditted using three sequential
exponential decays. Not only because the third corapt did not add any improvement
on the fit, but also because the third process ma@sesolved in time (its lifetime is
redundant with the previous temporal parameterg)il@ contrary, the results obtained
when the prepulse pH is 5.3 were well fitted udimge sequential exponential decays and
three processes can be clearly distinguished. &i§uk7 presents the fits resulting from
both analysis. As can be observed in Figure 51&retis no clear improvement in the
residuals when the fit is performed assuming ttergonential decays. However, our
previous results using structural detecting tealesq indicate that it is physically

reasonable to consider that an unfolding event owgur upon protonation of Glu-2.
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Additionaly, the third component is clearly distinghable from the previous in terms of
the temporal parameters obtained. All the fits wesdormed without any constraint, this
is, without fixing any of the six parameters. Anmthimportant factor to judge the
adequacy of the three exponentials fit is to chieitkevaluates correctly known values. In
this regard, the PAC experiments performed withghetoacid and with the amino acid
model compounds give valuablasight. In the present case, the fit would have to
exponentially yield, both in terms of amplitude dimde. Furthermore, the two first decays
are consistent witlfi) the photo release of the proton from the photoacid (i) the

protonation of a charged carboxylic acid.
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Figure 5.17: Comparison of the fitting procedure using two setja¢ exponential decays (A,

in green) and three sequential exponential deddys(red). The signals from BP and RN80
(1000 uM) are represented by closed circles and open sguagspectively. The fit derived
from the deconvolution is represented by green m@udsolid lines. (C) Residuals obtained
from the fitting with theCPAC software.

Residuals

Figure 5.18(A) presents the structural volume ckangbtained for the RN80
peptide at the prepulse pH 5.3, and using threeeseigl exponential decays. Basically, it
is observed a fast volume contraction followed Wwg tvolume expansions. The volume
contraction of -4.@ 0.2 ml mot* with a lifetime shorter than 10 ns can be assignetie

0-NBA photolysis. The volume changes as well aditeémes of the second exponential
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decay are dependent on the RN80 concentration. Béfigwiuor is consistent with the
previous results for protonation reactions obtainmsing the amino acid models. In
particular, it is expected that the protonationtted negatively charged carboxylic side
chain of Glu produce a volume expansion. The bimdé rate constant) for the
protonation of Glu-2 of RN80 is approximatelly &80° M™s?, which is lower than that
determined by fitting the TR-PAC with two exponeahilecays. However, this value is in
better aggrement with the ones determined for thpation of amino acid models in the
presence of 100 mM NacCl (see Chapter 4). In faetincrease in ionic strength produces
a reduction of the rates of protonation andihealculated for the amino acid models. The
third process corresponds to a slower volume expams 0.77 ml mof that seems to be
concentration-independent. The rate constdats (L/rz) do not increase linearly with the
peptide concentration (Figure 5.18(B)), suggestitag this slower decay corresponds to a

unimolecular process, as expected for conformaitiohanges due to folding/unfolding

events.
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Figure 5.18:(A) Dependence of the structural volume chang&s’(®) on the concentration of
RNB80 peptide obtained by fitting the photoacoustiaves to three sequential exponential
decays. (B) Dependence of the rate constdmts {/,) on the concentration of RN80 peptide.
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Table 5.4: Parameters obtained by fitting the photoacoustiorzesato three sequential
exponential decays, using the two-temperature ndedind prepulse pH 5.3.

Two-temperature Method

AV, AV, AV3 n Ky T3
(m mol?) (m mol?) (m mol?) (ns) (10°M* s%) (ns)
Prepulse 4 0+02  3.0%02 07703 <10 6.8+ 2 369+ 57
pH 5.3

The photoacoustic waves obtained at different teatpees were also well-fitted
using three sequential exponential decays and &igur9 shows plots afE, vs Cyplp.
The volume change accompanying the events asstoith each decay and the heat
release to the solution were determined accordingequation 5.4. The fast process
exhibited a volume expansion of -3#50.5 ml mot' and the corresponding enthalpy
change was approximately -40 kcal thoThe fast process was followed by two slower
reactions that induce volume expansions of O#3@.1 and 0.42+ 0.3 ml mol’,
respectively. In addition both processes presesitndar enthalpy change of -11 kcal mol
! Assuming that the second process correspondset@rtonation of Glu-2 from the
folded RN8O peptide, the third process can bebatied to the unfolding event. Since the
multiple temperature experiments were not perforomadg a peptide concentration at the
plateau region, a small&V, than the one calculated using the two-temperahathod is
observed. The third process is associated with @l smlume change similar to those

determined using the two-temperature method.
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Figure 5.19: Plots of the energy content for the photo-dissamiadbf o-NBA (@E,), for the
binding of the photo-released protons to Glu-2dessE,), and for the subsequent peptide
unfolding event @E,) at a prepulse pH of 5.3, as a function of thexpaterC,p/ 5. Cyp/ 3 was
changed by varying the temperature between 6.@ar@°C. The concentration of RN80 was
500 uM. The volume change and heat releases were obt&iom the linear fits represented
by solid lines, and based on Equation 5.4. Theltseate reported in Table 5.5.

Tabela 5.5:Multiple-temperaturgparameters obtained by fitting the photoacousticesdo
three sequential exponential decays.

Multiple-temperature Method

mmolY  mmo®)  (mmol?) (keal mol®) (keal mol®)  (keal mol?)

Prepulse
pH 5.3 -3.6x05 0.30£0.1 0.42+0.3 959+4 44x1 52+1

In order to explore any slow folding event occurilgen the prepulse pH is 7.3,
experiments of TR-PAC have been performed usin@thdviHz transducer that is able to
detect processes whitin the microsecond time sEaere 5.20(A) shows examples of the
photoacoustic waves obtained for the phoacoudticerece BP at 6.0 °C and for the RN80
peptide at 80uM and using the prepulse pH 7.3. Best fits weraiokd using only two
sequential exponential decays. In fact, when thtendi is performed using three
exponential decays, the third process is associatitdg and 7z parameters that do not
have physical meaning. Tipically the lifetime paedens obtained are much longer than
the allowed to detect by the 0.5 MHz transduceoluti®n. Figure 5.20(B) shows the fits
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obtained for the T wave (BP) and for E wave (800 RN80 peptide). The first process
(component wave in blue) can be characterized bysthmmation of two processes:
NBA photolysis and protonation of Glu-2 and His+&8idues. While the proton release by
0-NBA corresponds to a volume contraction and thuegativegvalue, the protonation
of both amino acid residues corresponds to a sexaiinsion as previously observed in
the 1:1 mixtures of amino acid models. As a rethust first process corresponds to a small
contraction associated with an averagevalue of -0.1, which is related with a volume
change of approximatelly -0.78 ml rifakith a lifetime not time resolved (<100 ns). The
second process corresponds to a much slower conéisyg to a lifetime of 1.5 and |5
and an average value of -0.76 that represents a volume contractib-6.0 ml mof.
Being so, the folding of the RN80 peptide may barabterized by a much slower event

than the unfolding occuring within 369 ns.
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Figure 5.20: (A) Photoacoustic waves generated after lasediati@n, obtained using 0.5
MHz transducer and applying the two-temperaturehotkt The BP signal (in filled circles)
was measured atgh = 6.0 °C, while the signal of the RN80 peptide ¢jpen squares) was
measured at £, = 1.8 °C. The value of prepulse pH used for sohgiof the RN80 peptide
was 7.3. (B) Fits obtained using tB®AC software. Solid lines represent the fit obtained f
the photoacoustic reference BP (T wave, in green) far 800uM RN80 (E wave, in red)
using the prepulse pH 7.3. The global fit (in remyresponds to the summation of two
component waves that are associated with the tagtraction due t@-NBA photolysis and
protonation reaction (in blue), and the RN8O0 fofd{im yelow).
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5.4 Discussion

An important goal of protein folding is to quantiédy predict the contributions of
amino acid sequence, pH, temperature, and salt eotration to kinetics and
thermodynamics of the protein folding process. Thieve this goal, detailed knowledge
of the structural and thermodynamic propertieshaf different states populated during
folding and the kinetics involved in going from osiate to another is required. Peptides
ranging from 12 to 30 residues have been studieshderstand the interplay between side
chain interactions, the helix dipole, and the idit¢ helix-forming ability of each amino
acid. In the present work, the folding kinetics of theodbst peptide sequence known
forming ana-helix in aqueous solution has been the subjestuafy. RN80 is a 13 amino
acid synthetic peptide analogue of the C-peptidmfthe protein RNase A. NMR and CD
spectra indicate that RN80 adopts @itnelical structure and undergoes pH-dependent
transitions upon protonation of Glu-2 and His-1RrtRermore, these techniquesveal
that the pH-dependence curve @helix formation by RN80 is bell-shaped with a
maximum near pH 5. The main forces stabilizing tklsort peptide ina-helical
conformation are the salt-bridge formed between-ZGhnd Arg-10 and the-stacking
interaction involving His-12 and Tyr-8 (Figure 5)2The protonation of His-12 is the
main responsible for the increase of RN80 heliditgcause the-stacking interaction
between His-12 and Tyr-8 is stronger when the izotl is charged, as shown by the
near-UV and NMR experiments (Figures 5.6 and %0®).the other hand, the protonation
of Glu-2 inducesx-helix partial unfolding due to the disruption bktsalt-bridge between
Glu-2 and Arg-10. Thus, the two ionizable aminadaesidues of RN80 that seem to play
a fundamental role on-helix formation and their protonation correspondtfie earliest

event occuring in pH-dependent conformational itams.

126



%
Glu2

Figure 5.21: Ribbon diagram of the three-dimensional structifrthe RN80 peptide showing
the salt-bridge formed between Glu-2 and Arg-10 ¢Adl ther-stacking interaction involving
His-12 and Tyr-8 (B).

Compared to the widely studied alanine-basedelical peptides and other
peptides such as Con-T and the central helix ofitftesomal protein L9 (residues 41 to
79), the distinct feature of RN80 is that it copesds to the shortest polypeptide amino
acid sequence that folds into amhelical structure in aqueous solution. Because the
helicity of RN80 depends on the pH, a laser-trigdepH jump allows, via an appropiate
detection method, the measurement of conformationahges associated with rapid pH
changes, and thus obtain information regardinfpiting and unfolding kinetics.

An appropriate analysis of photocoustic data neebet supported by structural
and mechanistic suplementar information about thstesn under study. Although
structural studies clearly show that the protomaté either Glu-2 or His-12 does perturb
the RN8O0 helicity, and three sequential proceskesld be detected including tlbeNBA
photolysis, the protonation reaction and subsedfadsting/unfolding event, we followed a
cautious analysis approach. Therefore, the photstico waves were first analyzed
assuming only two sequential processes. The segndess describes the event
immediately after photolysis of the photoacid, whis the protonation of Glu-2 and/or
His-12. When the prepulse pH was adjusted to pH br8y the Glu-2 residue is
protonated with the pH jump, promoting a volume angion of 3.0 ml méi ((5.0 A%
(two-temperature method). The volume expansion rapemying neutralization of
carboxylic acids has been previously describedhapgier 4. However, if the prepulse pH
is 7.3 both His-12 and Glu-2 residues may be patgthand a smaller volume expansion
of 2.2 ml mot* ((B.6 A% is observed (two-temperature method). This volexgansion
observed at prepulse pH 7.3 is in good agreemeiht the studies performed with the

mixture of amino acid models Ac-Glu-Nkind Ac-His-NHMe at a concentration ratio of
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1:1, in the presence of 100 mM NacCl. The rate @onistof the second process depend on
peptide concentration, with the bimolecular ratgy 4t both initial pH conditions around
10" M*s™. These values d, are higher than those determined for the aming mcidels

in the presence of 100 mM NaCl, in particular, treue of k, for Ac-Glu-NH; is

9.5 x 1dM*s?, and for Ac-His-NHMe is 8.3 x foan s,

Since the protonation of either Glu-2 or His-12uoés conformational changes in
peptide, the photoacoustic waves were also fittethguthree sequential exponential
decays. The experimental data recorded at pH 5t8 well fitted using this model. The
protonation of Glu-2 corresponds to the second gg®®bserved, which is characterized
by a volume expansion that is concentration-depsnddie rate constants of protonation
depend linearly on the peptide concentration larftas a value of approximatelly 7 x*10
M™s™. This behaviour is consistent with the protonatiéicarboxylic acids and the value
of k, is in good agreement with the result obtainedtier protonation of Ac-Glu-NHin
the presence of 100 mM NaCl (see Chapter 4). Tivd tbrocess corresponds to a
concentration-independent volume expansion of Oi7mol* ((1.3 A% and can be
associated with an unimolecular processes sucheatidp unfolding following the
protonation of Glu-2. In addition, the rate conssaks = 1/73) do not increase linearly with
RN80 concentration, which is an additional evidetiwd the process may correspond to
an unimolecular reaction.

When theo-NBA photolysis was initiated at pH 7.3 in the mese of the RN80
peptide, our aim was to perturb thestacking interaction between His-12 and Tyr-8.
Photoacoustic experiments performed with the fa&@% MHz transducer do not allowed
the detection of any conformational change follayite protonation of His-12. Our
studies with the RN8O0 peptide clearly confirmect tie protonation of mixtures of Ac-
Glu-NH, and Ac-His-NHMe (concentration ratio 1:1 and prepubH 7.3) is accompanied
by a volume expansion and both amino acid modelgartonated. If only Ac-His-NHMe
molecules were protonated the photoacoustic daialdheveal a volume contraction as
described in the previous Chapter 4.

Although from the structural studies by CD and NNtere is an increase in
helicity from pH 7.3 to pH 5.5, it was not possiltiéeresolve a third process associated
with conformational changes by fitting the photassicc waves to three sequential
exponential decays, even when the photoacoustisurements were performed with the
0.5 MHz transducer. Using this transducer was ossible to separate the photo-induced

proton release bg-NBA from the protonation reaction. The second pescwas assigned
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to the (slow) component of the fit that may be tedato the pH-induced conformational
change of the RN80 peptide. Photoacoustic measmtenaequired using the 0.5 MHz
transducer suggest that when the photolysisNBA occurs at pH 7.3, in the presence of
the RN8O peptide, occurs a slow folding event aguamied by a volume contraction of
approximately -6.0 ml mdi (C-10 A%).

Although an isolatedi-helix is one of the simplest structural motifsgroteins,
its folding dynamics are nevertheless complex. Sarhelical proteins and polypeptides
have been investigated using different techniqiresypeptides that fold inta-helix
structures, such as poly-L-glutamic Acid (PLG; 82) and poly-L-lysine (PLL; n = 165),
were used as model systems to investigate the easyts in acid-induced protein
unfolding/folding processes. In particular, PLL d@s a-helical structure at pH 12 that
completely unfolds into a random coil at neutral @Hhappiani et al. 1998). The unfolding
process is due to the strong electrostatic repilsiices between the protonatdmino
groups. The acid-induced local disruption of thichéstructure of PLL is associated with
a contraction of1-17 ml mol* and lifetime of 250 ns (Abbruzzetti, Viappiani,att 2000).
On the contrary, PLG is unfolded at neutral pH fmatonation ofy-carboxylates reduces
the intramolecular electrostatic repulsive forcesuoring local formation of secondary
structure. The coil to helix transition in PLG irmd by pH jump and studied by PAC
revealed an expansion BF ml mol* with a lifetime of 100 ns. Moreover, the unfolding
rate of ConT-T, a 21-residue helical peptide whosdive conformation is largely
stabilized by salt-bridges, is approximately 722028 °C.

Our results reveal that the unfolding promoted hwy disruption of a single salt-
bridge in the RN80 peptide occurs within approxehat369 ns. In longer polypeptide
chains it is expected a volume contraction upemelix disruption due to the polypeptide
chain collapse. However, the sign of volume chaaggociated with the unfolding event
due to protonation of Glu-2 of RN8O is positive remponding to a small expansion of
0.77 ml mot'. It is likely that the volume change measuredeipresentative of local
conformational changes in short peptides. In padic since His-12 and Tyr-8 are
residues closed to the C-terminal seems to be onogua local partial unfolding of the
RN8O0 a-helix. In fact, our near-UV CD results show thhe testacking interaction is
maintained at pHB (Figure 5.6), thus the disruption of the saltdgd induces only partial
unfolding of thea-helix. Being so, due to the short length of RN volume contraction

typically observed upom-helix unfolding and collapse may not occur, and msults
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reveal a local early unfolding event. Figure 5.B2strates a schematic representation of
the folding and unfolding events detected using tqmoustic measurements. Upon
protonation of Glu-2, the salt-bridge formed betwe&rg-10 and Glu-2 is disrupted

leading to partial unfolding, which is charactedZ®y a small volume expansion.

N

= AV e = 6.0 ml mol!
AV yutording = 0-77 ml mot)/ i -5 ftl:)ldm.g N 1,53 :SIO
Tunfolding — 309 1S folding
/

pH ~4 pH ~7

Figure 3.22: Schematic representation of the RN80 folding amilding. Protonation of Glu-
2 promotes RN8O0 partial unfolding due to the disiarpof the salt-bridge between Glu-2 and
Arg-10, while the protonation of His-12 stabilizbe r-staking interaction between His-12 and
Tyr-8 leading to RN8O0 folding.

On the contrary, preliminary results using the 8z transducer suggest that a
slow volume contraction may be occurring during RE80 folding. The transition
between unfolded conformations at pH 7.3 and folctmaformation at pH approximately
5 is accompanied by a volume contraction of -6 ral’hand a lifetime within 1.5 and 2
pus. In addition to the photoacoustic measurement®SY experiments have been
performed to determine the hydrodynamic radiushef RN80 peptide in different pH
conditions (data not shown). These experimentsypieally used to measure the diffusion
coefficients (Jones et al. 1997). The diffusionfioient, D, characteristic of the RN80
a-helix at pH 5.5 is 1.54 ins®, while the unfoldedx-helix of the RN80 at pH 7.5 is
defined by diffusion coefficient of 1.41%s". The diffusion coefficient of a spherical
body at a temperatuieis given by the Stokes-Einstein equation (Equabiah), where is
the hydrodynamic radius of the bodkg, is the Boltzamn constany,is the viscosity of an

agueous solution containing 100 mM NaCl. Using #gsation it is possible estimate the
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hydrodynamic radiug of the unfolded (at pH 7.5) and folded (at pH S5g®ptide

conformations.

— kBT
67mr

(5.7

The hydrodynamic radius of the unfolde¢helix corresponds to 8.9 A, while the
folded a-helix is characterized by an hydrodynamic raditi§.2 A. Hence, the radius of
the RN8O peptide at pH 5.5 is smaller, which isagreement with our photoacoustic
measurements that suggest a volume contraction tiEoiRN80 folding. Although the
folding of proteins is characterized by a volumeamnsion, our results suggest that the
folding of short-lengtha-helical peptides may result in a volume contractitn short
peptides such as RN80 peptide, composed by ongniifo acid residues, the unfolded
species may not be as compact as in proteins. vesudt, the volume occupied by the
unfolded conformations is higher than the foldeahfoomations. Furthermore, in the
future, computational studies using molecular dyicamsimulations of RN80 at constant
pH may also reveal the degree of compactness dédoand unfolded conformations in

different pH conditions.
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Bovine serum albumin conformational

dynamics triggered by fast pH-jump events

6.1 Introduction

One of the major challenges in the field of biopbgk chemistry is the
understanding of protein folding, i.e., the acdiosi of the three-dimensional native
structure of a protein. Defects in protein foldimg the molecular basis for a wide range
of human disorders, among them are rare neurodegjame pathologies such as
Alzheimer's and Parkinson’s diseases (Thomas el@05). Misfolding processes and
partially unfolded states may occur in competitisith the normal folding process
(Dobson 2004). Thus, substantial attention has himmted to characterize partially
unfolded states in the protein folding pathwayse Titermediate states formed during
unfolding and refolding pathways can be studiediiffgrent techniques using kinetic and
thermodynamic approaches (Dill & Shortle 1991). ¢ieve apply a methodology based
on a laser-induced pH jump combined with time-resdlphotoacoustic detection (TR-
PAC) to explore pH-induced unfolding processegisie protein bovine serum albumin
(BSA) as a model.

Serum albumin is the most abundant protein in tfreulatory system and plays a
key role in the transport of a large number of deliZes, endogenous ligands, fatty acids,
bilirubin, hormones, anesthetics, and commonly useds, which may be delivered to the

appropriate cellular targets (Bhattacharya et @02 Ghuman et al. 2005). In particular,
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BSA is frequently used as a model proteiliifierentacademic research areas, sucmas
the development of pharmaceutical formulations @krédansen 1981; Umrethia et al.
2010), for developing new analytical methods (Xia at 2010) or even to study
aggregation of proteins (Brahma et al. 2005). Attreé pH, the crystal structure of the 66
kD protein reveals a heart-shaped molecule orgdniméo three similar structural
domains, each subdivided into two subdomains (sgerd- 6.1). The domains are
predominantha-helical and include loops and a large number ¢ disulfide bonds. The
sequence of BSA is 76% identical to that of humamums albumin (HSA). (Peters 1985;
Carter & Ho 1994).

Figure 6.1: (A) Ribbon diagram of the three-dimensional stnaetof bovine serum albumin
(BSA) (PDB entry 3V03). Each structural domain @Mis represented in a different colour
(domain 1 in yellow, domain Il in green, domain ifi gray). N- and C- termini are marked as
N and C, respectively. (B) The location of glutaraicid and aspartic acid residues in each
structural domain of BSA is represented by the llue red beads, respectively.
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The ability of albumins to undergo a major revdesibconformational
modification, induced by decreasing pH in the 7aflge, was described several decades
ago by Foster (Forster 1960) and has been docudchdmytea wide range of methods
(Suzukida et al. 1983; Sadler & Tucker 1993; Dock@00; El Kadi et al. 2006). At
neutral pH, the conformation of BSA in its commdrygiological state is referred as tke
form. An abrupt transition occurs at a pH valuedd, changing th& form to the so-
called fast migratindg- form, and when the pH reaches 2.7, an additiomakttion takes
place from the= form to the extende# form. Furthermore, when the pH increases from
neutral to 8, thé\ conformation changes to the baBidorm, and at a pH above 10 the
structure changes to tlfeform. These conformational transitions can be sanmed by
the following schemee [l - F L, - N L, - B[] - A.

Interestingly, theN to F conformational transition has been found to behliyig
conserved among different species (Bertucci & Ddme2002). Such conservation has
led to the belief that thE conformation occurs when the albumin molecule bitwlthe
membrane surfaces of several tissues under phggialcconditions at a lower pH value
(Wilting et al. 1982). Here, our aim is to expldre early events related to the partial
unfolding of BSA occurring due to the conformatibtransitionN to F, induced by a pH
jump at pH 5.3 and monitoring the processes usif3PAC. Previously, circular
dichroism (CD) and saturation transfer differenc®TH) NMR studies have been
performed to obtained structural details of the B&Aelical content in different pHs and

the potential interaction betweerNBA and BSA, respectively.

6.2 Materials and Methods

6.2.1 Sample Preparation

The protein bovine serum albumin (BSA) was purchiieen Sigma-Aldrich
Chemical Company, St. Louis, USA, as lyophilizedvder and used without further
purification. BSA solutions were prepared by dissolving the Iytigdgd protein samples in

the appropriate solvent for each different expenin&@he final protein concentrations
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were checked optically on a Spectronic Unicam -&DO spectrometer, using
€280 = 43600 M cni* (Cardamone & Puri 1992).
Bromocresol purple (BP) angtnitrobenzaldehydeofNBA) were obtained from

Sigma-Aldrich Chemical Company, St. Louis, USA.

6.2.2 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded on @iis DSM-20 CD
spectrophotometer with a temperature-controlletiradter. BSA was dissolved in water,
and the pH of the samples was adjusted using HGla®H. Final protein concentrations
were approximately 1 mg fhl Far-UV measurements were recorded between 198nam
260 nm, using a 0.2 mm path length cell, at 3.0CD. spectra were run with a step-
resolution of 1 nm, an integration time of 5 s, argihg a bandwidth of 0.6 nm. The
spectra were averaged over at least three scansoamtted by subtraction of the buffer
signal.

The results are expressed as the mean residudicéllif®]urw, defined as
[Olwrw = BOupd0.IMRW)/(C), where Oy is the observed ellipiticity in millidegrees,
MRW is the mean residue weigltis the concentration in milligrams per mililitr@nd| is
the length of the light path in centimeters. Seeondtructure was estimated by analysis
of the far-UV CD spectra between 190 and 240 nnmgushe program CONTIN
(Provencher 1982). Noise reduction was achieved aldjacent-averaging smooth
processing using the software pack@yeginPro7 (OriginLab Corporation, USA).

The pK, of the transition between native and unfoldedestan be calculated
using Equation 6.1 (Abbruzzetti et al. 2000; Ablzetii et al. 2006), which describes an
ionic equilibrium monitored by the physically obgable propertya (mean residue
ellipticity at 222 nm).

10n(pH _pKa)
a= 2y + (amax = amin )WPH‘—PKJ (6.2)

The limits amin andamax represent observable values at pH far above alodvbe

pK,, respectively. The parameter represents an empirical Hill coeficient 1 positive
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cooperativity,n < 1 negative cooperativity1 = 1 Equation 6.1 reduces to the Henderson-

Hasselbalch Equation).

6.2.3 Saturation Transfer Difference (STD) NMR

BSA samples for NMR were prepared by dissolvinglylophilized powder in an
aqueous solution containing 10 % (v/v)@and sufficienb-NBA to give a final optical
absorption of 0.6 at 355 nnil@ mM o-NBA) in a 1.0 cm path length cell. The final
protein concentration was 2tM. The pH of the solution was adjusted by additain
appropriate amounts of either DCI or NaOD. The pblswwneasured by using a glass
microelectrode and was not corrected for the iso&ffect.

NMR measurements were performed on a Bruker Avadhc#00 spectrometer
operating at a proton frequency of 400.133 MHz &mperature of 3.0 °C. The sample
temperature was calibrated against a methanol atdndThe Saturation Transfer
Difference (STD) NMR spectra (Mayer & Meyer 1999 ne acquired with a standard
pulse sequence from the Bruker library with a dpok (T1p) filter for protein
background suppression and water suppression wiitagon sculpting using z gradients.
The spectra were collected w6 increments and 32 k data points in t2 usingeatsal
window of 6410 Hz centered at 1882.5 Hz. A 2 kHin $pck filter of 15 ms was used. For
the on-resonance spectra Isa7), selective saturation of protein resonances vesfopmed
by irradiating at 526 Hz using a series of Eburf@Ql shaped 90° pulses (50 ms
presaturation and 1 ms delay between pulses) g8atwration time varying between 0.5
and 4.0 s. For theff-resonance spectra Ip), irradiation was performed at 10000 Hz. All
data was processed using the program Topspin v2llitee STD spectra were obtained
after subtraction of then-resonance spectra from theff-resonance spectra lgmp = 1o —
Isar). Control STD-NMR experiments were performed usarg identical experimental

setup and the same ligand concentration but ialtisence of the protein.

6.2.4 Time-resolved Photoacoustic Calorimetry

Sample solutions for photoacoustic measurementg wegpared by dissolving

the protein lyophilized samples into an aqueoustswl containing sufficiendo-NBA to
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give a final optical absorption of 0.6 in a 1.0 @ath length cell, at 355 nm. Protein
concentrations varied between @20 and 120uM. Bromocresol purple (BP) was used as
photocalorimetric reference compound. It was usedotiyed in water and its optical
absorption was adjusted to match that of the sasgllgion at 355 nm. The pH sample
and reference solutions was adjusted by additiortasfcentrated HCI or NaOH and
measured using a glass microelectrode. The pH of@&ions was adjusted to 9.0, in
order to avoid instability in optical absorption thie excitation wavelength (Stefania
Abbruzzetti et al. 1999). The pH of the sample sohs (mixtures of BSA and-NBA)
were adjusted to pH 5.3. All experiments were régzbat least three times.

Experiments of laser-induced pH jump coupled whbtpacoustic detection were
performed using a time-resolved photoacoustic sak&try flow cell developed in-house
that follow the front-face irradiation design déked by Arnaut et al. (Arnaut et al. 1992),
connected to systems for temperature control andnwatic injection (Kloehn syringe
pump). In Chapter 3, a detailed description of élperimental setup is presented. The
light source, operated at 355 nm, was the thiranbaic of a nanosecond Q-switched
Nd:YAG laser (Ekspla NL301G). The laser pulse widths approximately 6 ns, and the
pulse repetition rate was 10 Hz. Before initiategch experiment, the maximum laser
pulse energy was verified and adjusted to appraeiya mJd/pulse. Furthermore, each
solution analyzed (sample, BP and solvent) wastekaowith four different intensities
corresponding to 25, 50, 75 and 100% of the fidketaintensity by employing neutral
density filters. The PAC signals were measured eetw3.0 °C and 20.0 °C, and the
temperature variation during an experiment was tess 0.5 °C. The photoacoustic
pressure waves were detected using 2.25 MHz (n#t@S) and 0.5 MHz (model V101-
RB) Panametrics transducers. The PAC signals fr@® &hots were average, pre-
amplified with a Panametrics ultrasonic preamplifiemodel 5676) and then recorded
using a digital oscilloscope (Tektronix DPO7254).

The principles of deconvolution of photoacousticvefarms are described in
detail in Chapter 3. Briefly, the energy fractiossd lifetimes of a samplE(t) can be
obtained by the convolution of the instrumentapmesse, or reference wavefoif(t), with

the time-dependent function of the decay proé&ss

E(H) = T(H) O H(Y) (6.2)
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Experimentally, the functioril(t) can be obtained using a photocalorimetric
reference compound such as BP, that releases mainvaly (only heat deposition) all the
radiative energy absorbed, in a time faster tharirdmsducer resolution.

The functionH(t) represents the overall time-dependent volume changdecan

be written as the summation of sequential singfmegntial terms:

H =y he M1
i T

(6.3)

whereg and r; are the respective energy fraction and decay ftiméheith component in
the sum of the exponentials. TEB®AC software developed in our laboratory was used to
obtain ¢ and 1, parametergSchaberle et al. 2010).This software provide aalyaical
description for the instrumental response photositowave T(t), and the analytical
solution for the convolution betweef(t) and the heat functiok(t). The ¢ and 7
parameters are varied until the calcule&) fits the experimental wavg(t). The kinetics
of processes occurring faster than roughly 10 nédcoot be resolved, but the integrated
enthalpy and volume changes can be quantified frenamplitude of the acoustic wave.
Structural volume changes as a function of the eomation of BSA can be
determined using a two-temperature method (Gensdraslavsky 1997). The sample
waveforms were acquired at the temperatugey, Tfor which the thermal expansion
coefficient of the solutiory, is zero. The value of I, can be determined experimentally
by measuring the temperature at which the signathfe reference compound vanishes.
The temperature obtained for.§ in an aqueous solution was 3.0 °C. The reference
waveforms were measured at a slightly higher teatpeg, To = 6.0 °C. Signals
measured at £, originate solely from the structural volume changethe solution and
include no enthalpic contributions. The extentlsd bbserved structural volume change

AV; (estimated as milliliters per mole of absorbedtphs) is calculated frorg as:

A\/I :WE/‘[L

(6.4)
CppJﬁ::o

whereE; is the energy of one mole of photons at the excitaivavelength (355 nm,

E, = 80.54 kcal mé}) and (BCp) s is the thermoelastic parameter of the solutiofzas.
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The two-temperature method also allowed the detetioin of the rate constants, using
values obtained from the fitting procedure.

Experiments conducted at multiple temperatures haesn used to determine for
each transient the heat release, the structurainmichange and, from the temperature
dependence of the rate constants, the activatierggrfCallis et al. 1972; Peters & Snyder
1988; Braslavsky & Heibel 1992). Deconvolution vpesformed at several temperatures,
and the pre-exponential factogswere used to determine the energy contémg, of the
transient at each temperature. This parameter lvemslotted versus the ratiGg/ ) s-o.

From the linear relation:
C
@E, =Q +AV, (%OJ (6.5)

it is possible to determine the heat release akeitation per mole of photons absorligid
(from the intercept) and the structural volume deper mole of photons absorhédd
(from the slope) for eadith process.

In both methods, two-temperature and multiple-tenajpee, the volume changes
can be converted into molar reaction volume (exga@ss milliliters per mole of photons
released) dividinglV; by the deprotonation quantum yield®NBA, &, = 0.4 (George
& Scaiano 1980). The heat releaggdobtained using the multiple-temperature method
can be converted in molar enthalpy changetakingomsideration the quantum vyield of
0-NBA.

The temperature dependence of the rate constamisbeaanalyzed by the

following relationships:

k=ke a " (6.6)

Ink =Ink, —% (6.7)

wherek = 1/r. The activation energyef) and the pre-exponential factky could then be

derived from a linear plot of lkvs 1/T (Arrhenius Plot).
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6.3 Results

In the previous Chapter we have explored the volwhanges and kinetics
governinga-helix folding/unfolding in peptides. Here, our majoal is to apply the same
methodology to explore partially unfolding events BSA induced by pH changes. In
particular, we intend to study the unfolding evesdsociated with the protonation of both
glutamic acid (Glu) and aspartic acid (Asp) resgdoecurring within the nanosecond to
microsecond time scale. The prepulse pH was adjusteapproximately 5.3, one unit
higher than the typicabK, of Asp and Glu residues. BSA is known to undergpHa
induced conformational transition at pH 418 ¢ F) accompanied by loss ia-helix
content. Brahma and co-workers proposed that theoooer at pH 4.3, presumably close
to the F state, could attain a dimeric structure (Brahmalet2005). As evidenced in
Figure 6.1(B), BSA has a large number of Asp ani@sidues. Being so, when inducing a
pH jump from 5.3 to lower pH we expect to protontdite most solvent-exposed Asp and
Glu amino acid residues, and promote the partiaiiiplding of BSA associated with the
conformational transitiorN to F. Firstly, the secondary structure content has been
evaluated in different pH conditions using far-UD @heasurements. Secondly, since the
BSA binds different types of ligands, STD-NMR exp@nts have been performed to
examine the possible interaction between BSA aedptiotoacid responsible for the pH
jump. Finally, using TR-PAC and a laser-inducedjpiip at pH 5.3, one can estimate the
rate of protonation of BSA, as well as, estimatthaipy and volume changes associated

with the partial unfolding of the protein.

6.3.1 Conformational Transition of BSA at Acidic pH Monitored by CD
Spectroscopy

Far-UV CD experiments were used to monitor the sdarny structure content of
BSA in different pH conditions and 3.0 °C, the temgture used for most of the
experiments reported in the present work. Figu2€2§.shows the far-UV CD spectra of
BSA at pH conditions between 6.9 and 2.3. The speawthibit the characteristic double

minima of a-helices at 222 nm and 208 nm. The fraction of da¢licontent was
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quantitatively estimated using the program CONTA 3.0 °C and pH values between 7
and 5.5, the helical content was estimated to Ipeoapnately 80 %. Recently the crystal
structure of BSA has been determined and the hel@a#ent reported to be 78 % (PDB
entry: 3V03) (Majorek et al. 2012), which is in gbagreement with the value we
obtained at pH around 7. When the pH is reducéd3@n estimated helical content value
of 55 % is obtained.

Figure 6.2(B) reports changes in the mean resitipgiaty at 222 nm (P]222nm)
as a function of pH, at 3.0 °C. The titration of B&ith HCI reveals only marginal
changes in the secondary structure of BSA betwéer.p and 4.5 as judged from both
spectra and the ellipticities at 222 nm. In fakg helical content is reduced around 6 %
when the pH is 4.5. The®].2.nm becomes less negative with decreasing pH fromtabou
-17500 deg cidmol® at pH 4.5, to -12000 deg émdmol* at pH 2.3. These values of
ellipticities at different pH conditions are in gboagreement with the literature
(Muzammil et al. 1999; El Kadi et al. 2006). Figithe data of®].,.nmto Equation 6.1,
we estimated pK, of 3.6 + 0.1, at 3.0 °C, with a Hill coefficient .1 + 0.2. The titration

is fully reversible and no suggestion of aggregati@as evident in any of our experiments.
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Figure 6.2: Far-UV CD of an aqueous solution of BSA at diffetr pH values, at 3.0 °C. The
secondary structure of BSA displays few changesrange of pH values between 6.9 and 4.3.
Below the isoelectric point of the protein (pl 4.8)e ellipticity measured at 222 nm decreases
markedly to a minimum value at around pH 2. In experimental conditions, the estimated
pK, for the formation of the acid-unfolded state at pli$ 3.6 + 0.1, with a Hill coefficient of
1.1 £ 0.2, as determined using Equation 6.1.
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6.3.2 Potential I nteraction Between BSA and o-NBA

STD-NMR experiments were performed to examine & fthotoacid used to
produce the pH jumpo-NBA, interacts with the protein of interest. As miened in
Chapter 5, STD-NMR is a powerful method for studyiprotein-ligand interactions in
solution. Ligand protons that are in close com@tt the receptor protein receive a higher
degree of saturation, and as a result stronger SWVIR- signals can be observed. Protons
that are either less or not involved in the bindprgcess reveal no STD-NMR signals.
This technique can be used to study ligand bindiitly association constankg, between
10" and 18 M™, being also capable of identifying the bindingtepé of a ligand when
bound to its receptor protein (Viegas et al. 2011)

STD-NMR results obtained for the mixture @NBA and BSA, in an aqueous
solution at pH 5.3 and 3.0 °C, as well as, #HHeNMR spectrum ofb-NBA in the same
conditions are presented in Figure 6.3. Figure Bj.Xhows that STD signals were
observed for the mixture-NBA and BSA, thus the photoacid interacts with gretein,
and considering the relative intensities of thetgmasignals (1 — 5) it seems that all have
similar qualitatively contributions for the proteinligand interaction. The association
constantk, has been determined using data from fluorescemigsion spectra of BSA
upon addition of differento-NBA concentrations and applying the Stern-Volmer
formalism (data not shown). The obsertgvalues are in the range of 181, which
indicates a weak interaction between BSA esNBA. Moreover, the stoichiometry of the
association is 1:1.

These results suggest that in the experimentalitonsl used in the TR-PAC
experiments some molecules@NBA bind to BSA. However, since the photoacidris i
large excess relative to the protein concentraf#ihuM - 120 uM) we assume that this

protein-photoacid interaction does not have a it effect in the pH jump efficiency.
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Figure 6.3: (A) 'H-NMR spectrum of freeo-NBA in aqueous solution at pH 5.3, and
respective spectral assignments. tB)STD-NMR spectrum of a mixture containingNBA

(2 mM) and BSA (20uM) in an aqueous solution at pH 5.3 (3.0 s of sdion time). The
experiments were performed in 90%MH/10% DO, at 3.0 °C. The on-resonance irradiation of
the protein was performed at 1.32 ppm, using saturdimes between 0.5 and 4.0 s. The
asterisk indicates impurities present in the sample

6.3.3 Protonation of BSA Monitored by TR-PAC

To resolve processes occurring in less thams, 1 TR-PAC measurements were
performed using the 2.25 MHz transducer. Firsthge two-temperature method was
applied to investigate the processes occurring ygrotonation of BSA and determine the
structural volume changes and rates associatedeaith process identified.

Figure 6.4(A) shows examples of the photoacoustices obtained fas-NBA in
presence of BSA at three different concentratiomb@NBA alone measured at 3.0 °C,
along with the BP photoacoustic wave acquired @t°&. As previously described in
Chapter 4, in an aqueous solution at pH 5.3, theasiobtained foo-NBA is inverted
when compared with the waveform of BP, becausghtstolysis is accompanied by a
prompt (lifetime below a few nanoseconds) volumetaxction. Furthermore, Figure
6.4(A) also evidences differences in amplitudewadl as, in phase for the mixture of
BSA/o-NBA when compared with the one acquired ®eNBA alone. Hence, our data
suggest that the fastNBA photolysis is followed by an additional prosesr processes

that produce an additional photoacoustic signahlifaiively, our results indicate that the
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BSA photoacoustic signals are concentration-dep#nttés worth to note that the profile
of the photoacoustic waves obtained for BSA is Iyadentical to that described for both

Ac-Asp-NH, and Ac-Glu-NH presented in the previous Chapter 4.
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Figure 6.4: (A) Photoacoustic waves generated after laser irradiatibtained using a 2.25
MHz transducer and applying the two-temperaturehotet The BP signal was measured at
Tso = 6.0 °C, while the signals fromNBA and BSA were measured ag§ = 3.0 °C. The
value of prepulse pH used for solutions of BSA arldBA was 5.3. (B) Example of a result
obtained from the fitting procedure using tBPAC software. The fit derived from the
deconvolution is shown by the red line. The ovefillcorrespond to the sum of the two
deconvoluted component waves, which are assocwitbdthe fast contraction af-NBA and
the protonation reaction that are represented loy &hd green lines, respectively.
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PAC signals were resolved using the softWalRAC. The photoacoustic waves of
BSA at different concentrations were well-fitted &yfunction involving two sequential
exponential decays. Fitting with three exponerdiedays did not improve the fit. In fact,
@ values with no physical meaning and lifetimigsmuch higher than the transducer
resolution were obtained. Each component decaldsacterized by a lifetimey and r,
and an amplitude change proportional to the voluimange,¢a and @. Figure 6.4(B)
shows an example of the fit obtained from the dectution of the signal for BSA at 60
uM, together with the two component waves. The fi@nponent wave (in blue) clearly
can be associated with the reaction of photolysiz-EBA exhibiting negative amplitude
and a time profile that is characteristic of a faslume contraction. The second
component wave (in green) displays positive amgditand is shifted to the right when
comparing with the BP waveform. This second processms to correspond to the
protonation of the negatively charged side chaindsp and Glu from BSA, typically
characterized by volume expansion as shown in @hdpt

Structural volume changes were calculated usingathplitude values derived
from the fitting procedure and applying Equatiod.6lhe average value obtained for the
structural volume changAV;, resulting from photolysis 0d-NBA in the presence of
different concentrations of BSA, was -4.7 + 0.9mul™* (see Table 6.1). This value is in
good agreement with previous results for the fakime contraction, under pH conditions
near neutrality and in the presence of others pratwepting groups such as the
previously studied amino acid models (see Chapter 4

Figure 6.5(A) shows the dependence of the calalilsteictural volume change
for the second procesA\(,”") on the concentration of BSA. As shown, the valaés
AV,®® reach a plateau when the concentration is grélaser SOuM. In the plateau the
estimated value for the structural volume chaAye accompanying the protonation of
BSA corresponds to a volume expansion of approxity&8 ml mot'. The rate constants
for this volumetric expansiork, =1k,, increase linearly with BSA concentration, as
shown in Figure 6.5(B). From the slope of the mibtate constants as a function of the
BSA concentration, the bimolecular rate constantan be determined. The value kpf
revealed that protonation of Asp and Glu residuesnf BSA yielded a value of
approximately 1.3 x I® M™s’. This value is higher than the diffusion limitedte

constant between a charged proton and a large ael¢éBSA) in water. One possible
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reason for this observation could be the formatiba ground state complex between the
photoacid and BSA. However, our STD-NMR experimestggest a weak binding
interaction between BSA amdNBA.
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Figure 6.5: (A) Dependence akV,*® on the concentration of proton-accepting groupsyely
solvent exposed residues of Glu and Asp in BSA. rElaetion volumesAVs) estimated for the
protonation of BSA is reported in Table 6.1. (B)d@adence of the rate constakt£ 1/,) on
the concentration of BSA. The bimolecular rate tamswas derived from the slope of the
linear relationship (solid line) of the experimdntate constants as a function of BSA
concentration and is reportedlasn Table 6.1.

Table 6.1: Parameters from the TR-PAC experiments obtaingtyus 2.25 MHz transducer
and applying the two-temperature and the multiplegerature methods.

Two-Temperature M ethod

AV, (ml mol™) -4.7+0.9
AV, (ml mol™) 3.8£03
ky (10" M5 1.3£05

M ultiple-Temperature M ethod

AV (m mol™®) -45+0.4
Q: (kcal mol™) 9472
AV, (ml mol™) 3.9+09
Q, (kcal mol™) 542+3
E. (kcal mol™) 4.7+1
Frequency factor 20.8+2
In(1/,)
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In addition, we have also examined the protonatibBSA using the multiple-
temperature method, at a protein concentration evida,”® reaches a plateau, as
determined by the two-temperature method (see €&igub(A)). The temperature-
dependent acoustic signals recorded between 6.2@OPC enabled a plot ¢fE, versus
Cop/p, from which the volume change accompanying eackgss can be obtained from
the slope and the heat released from the solutmn the yy intercept, according Equation
6.5 (Figure 6.6). Also the temperature dependehdeedifetime provides information on
the activation energy for each process whose m@tetant falls within the experimental
resolution range.

At all studied temperatures the photoacoustic ssgware well described by two
sequential exponential decays with the fast, ssblaion process related to tbeNBA
photolysis and a slower decay, with a temperatepeddent rate constant reflecting
proton transfer reactions with the acceptors presesolution, namely the Glu and Asp
residues from the protein BSA. The fast componemiag exhibit a volume contraction
(negative slope) of approximately -4.5 ml fhaind the corresponding enthalpy change is
approximately -36 kcal mdl The protonation of BSA induces a volume expansion
(positive slope) of approximately 3.8 ml rifpland the enthalpy changes obtained was
-12.8 kcal mof.

Figure 6.6(B) shows the Arrhenius plot for the mat@roton bindingk, = 1/n) to
BSA at pH 5.3. The activation enerdy,( and frequency factor obtained from Arrhenius

analysis of the multiple-temperature data are oietlin Table 6.1.
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Figure 6.6: (A) Plots of the energy content for the photo-dcsation ofo-NBA (¢@E,) and for

the binding of the photo-released protons to B@k,), as a function of the paramet@yp/.
Cop/f was changed by varying the temperature betweena@d 20.0 °C. The BSA
concentration was 80M, at pH 5.3. The volume change and heat releases obtained from
the linear fits represented by solid lines, andedasn Equation 6.5. (B) Arrhenius plot for the
protonation of BSA, at pH 5.3. The activation erne(g.) and frequency factors were derived
from the linear relationship (solid line) of thagaonstants as a function of 1/T (see Equation
6.7). The results are reported in Table 6.1.

As just described the photoacoustic measuremenfisrped with the 2.25 MHz
transducer only allowed the identification of tweqaential processes, nameiyNBA
photolysis and the protonation reaction involvilg tAsp and Glu amino acid residues
from the protein BSA. In fact, this transducer lismited to a time resolution of
approximately 800 ns. As a consequence, any sloamfiormational change of BSA due
to its protonation would not be detected. Thus,PAC experiments were also performed
using the 0.5 MHz transducer in order to invesdgaty early unfolding event occurring
on a slower time scale following the protonatiorcafboxylic acids. In particular, if there
is a volumetric change occurring on a time scatevéen 800 ns and 2s, this transducer
should be able to detect and resolve it.

Figure 6.7(A) shows the photoacoustic waves-biBA and bromocresol purple
(BP) acquired with the 0.5 MHz transducer. As canobserved, the-NBA waveform
acquired at 3.0 °C is inverted when compared wiih BP waveform at 6.0 °C. As
expected, this behaviour is similar to that obsgémsing the 2.25 MHz transducer and it
can be associated with a fast volume contractitve ghotoacoustic signal is well-fitted
using a single exponential decay. Whereas thentiéet 7; were not resolved in timeg
values were obtained from the fitting procedurelieierent laser intensities. The volume

change associated with tleNBA photolysis is -4.7+ 0.4 ml mol*, which is in good
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agreement with the volume contraction previouslyesbed with the 2.25 MHz transducer
(Table 6.1). Figure 6.7(B) shows examples of thé Bfotoacoustic waves obtained at
two different protein concentrations. At low contation (30 uM) the photoacoustic
signal is inverted when compared with the BP wawefobut exhibits a significant
difference in amplitude and shape from that obskfee the photoacid. Our results also
show that the increase in protein concentratiog@ssively promotes an increase in the
amplitude of the signal. Based on the results #ieh2.25 MHz transducer, we observed a
kinetic constank, of approximately 1.3 x£®M™ s*. Being so, we expected to observe a
protonation reaction with an apparent time of mtitan two hundred nanoseconds
(r, 0265 ns) for the lower BSA concentration. Moreovegher concentrations, close to
400 uM, should be characterized by a protonation lifetiof 20 ns as estimated from the
relation 1k, = ky[BSA]. While lifetimes of approximately two hundretnoseconds are
within the time resolution of the 0.5 MHz transduead it is possible to resolve the
respective acoustic wave, the latter lifetime ofri&0is in the lower limit of resolution of
the detector. Using the 0.5 MHz transducer, wagossible to resolve lifetimes < 100 ns.
Although the photoacoustic wave is detected, it ldawt be separated from tioeeNBA
photolysis.
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Figure 6.7: Photoacoustic waves generated after laser iriadjabbtained using a 0.5 MHz
transducer and applying the two-temperature metf®dPhotoacoustic waves of BP and o-
NBA. (B) Photoacoustic waves from BP and BSA afedént concentrations. The BP signal
was measured atgh = 6.0 °C, while the signals fromNBA and BSA were measured at
Tp-0 = 3.0 °C. The value of prepulse pH used for sohgtiof BSA and-NBA was 5.3. Noise
reduction was achieved by FFT Low Pass Filter meiog, using the software package
OriginPro7 (OriginLab Corporation, USA).

Figure 6.8(A) for data obtained with the 0.5 MHansducer shows the fit
obtained for the photoacoustic reference bromotimasaple (in green), as well as, the fit
to the photoacoustic wave of 301 BSA (in red). At low protein concentration (3®1)
the photoacoustic signal of BSA is only well-fitteding three sequential exponential
decays. Actually, a two exponential decay is unablét the experimental wave. Figure
6.8(B) shows the component waves derived from ittieg procedure. A sub-resolution
acoustic wave (Figure 6.8(B), in yelow) correspotalthe release of protons byNBA
and it is characterized by a volume change of apmately -4.1 ml mof. The second

component wave derived from the global fit is rethtwith the protonation reaction

151



involving the negatively charged carboxylic acidelat is represented by an average
lifetime of 306 ns and an average volume chang&®ml mol* (Figure 6.8(B), in blue).

It is worth to note that the BSA concentration uz@iuM) is below the plateau defined in
Figure 6.5(A). Therefore, the value does not cpwas to theAV,, but to theAV,™"
observed at 3QM. The third component wave can be associated tvéhearly unfolding
of BSA due to protonation and although the assediéifetime should not depend on the
protein concentration because it is a unimolecuarction, the correspondent volume
change is not absolute because the protonatiod igehot unitary at the experimental
BSA concentration. Preliminary results reveal tigg early unfolding event corresponds
to a volume expansion of approximately 1.6 ml frahd a lifetime of approximatelyis
(Figure 6.8(B), in orange).

At high BSA concentrations, such as 404, we would expect that the proton
release and the BSA protonation should appearsasgée unresolved event. In fact, the
photoacoustic signal is well-defined by two seqizneéxponential decays, being the
second event associated with the unfolding eveata(chot shown). In particular, the
volume change associated with tleNBA photolysis and protonation reactions
corresponds to approximately 4.1 ml fhowhile the BSA partial unfolding is well
characterized by a volume expansion of approxima2eB ml mol* and a lifetime of

approximately 1.qus.
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Figure 6.8: (A) Photoacoustic waves generated after lasediatian of bromocresol purple
(BP, in grey) and 3@M BSA (in black) in an aqgueous solution containm$iBA, using a
0.5 MHz transducer. Solid lines represent the Bitamed for the photoacoustic reference BP
(T wave, in green) and for 30M BSA (E wave, in red) using the prepulse pH 5B) (
Component waves derived from the fitting procediitee global fit (in red) corresponds to the
summation of three component waves that are agedcigith the fast contraction due o

NBA photolysis (in yelow), the volume expansion doeprotonation of carboxylic acids (in
blue) and the BSA partial unfolding (in orange).
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6.4 Discussion

The stability, structure, and function of proteare dependent on the pH of their
environment (Matthew et al. 1985). Several proteinglergo partial or complete
unfolding, due to protonation of selected aminodaside chains. During the acid
unfolding of BSA a conformational transition betwete N andF states occurs, with a
pH midpoint of approximately 4.3. From previousdi#s, it is known that in the pH
region of theN to F transition (pH 5.0 — 3.5) a drastic structural aeriakes place
primarily in domain Ill and domain Il which convett a molten-globule like state,
whereas domain | undergoes a structural rearrangiewith minor changes in secondary
structure (Qiu et al. 2006). Furthermore, the comfer at pH 4.3, presumably close to the
F state, seem to attain a dimeric structure (Bralemal. 2005). In all our TR-PAC
experiments, the prepulse pH used was 5.3 and-MRA photolysis reduces the solution
pH to approximately 4.4. According to the far-UV Qieasurements described here, at
low temperature (3.0 °C) the conformational tramsibetween pH 5 and 4 is associated
with a loss of approximately 6% of the BSA helicaintent. Moreover, although BSA
weakly binds th@-NBA as determined by fluorescence and STD-NMRs weak binding
may reduce the number of photoacid molecules freslution.

Our results of TR-PAC using the two-temperature andltiple-temperature
methods and the 2.25 MHz transducer suggest tisemece of two processes with distinct
volume changes occurring after the pH jump. Theeplesl fast volume expansion of
approximately -4.5 ml mdi represents the volume change due to photolysisNBA. It
has been shown previously that the proton releam®a 6-NBA is accompanied by a
negative volume change of approximately -5 ml iappiani et al. 1998). In BSA, the
amino acid residues having approprigig to be protonated bellow 5.3 are the carboxylic
groups of Glu and Asp amino acid residues. Protomaif negatively charged carboxyl
groups is expected to lead to a positive volumengbadue to the decrease of the net
number of charges in solution (Van Eldik et al. 998The magnitude of the volume
change is influenced by the nature of the groupacléd to the carboxylic group.
Following the results of Rasper and Kauzmann, aigins the protonation of a carboxylic
group causes a volume increase of approximatelylljer mole of protons reacting and
this value may be smaller if there is a positivarge in the vicinity of the carboxylic

group (Rasper & Kauzmann 1962). Under our experialaaonditions we observed that
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the neutralization of Asp and Glu residues in B34ld 5.3 (8.8 ml mol") is slightly
lower than the values reported for proteins suctvatbumin, ribonuclease, lysozyme and
BSA, at 30 °C and 150 mM NaCl (Kauzmann et al. J9&2ng Carlsberg dilatometers.
Maybe a larger volume change would be expectedidemsg that BSA is a highly
charged protein with more than 180 charges at piingng them 39 aspartic acids and 59
glutamic acids (see Figure 6.1(B)). However, onfiaation of carboxylic acid side chains
would have thepK, between pH 5.3 and 4.4 and thus could be protdreiter the pH
jump. In addition, only a fraction of carboxylicids are on the protein surface and solvent
exposed, and thus available for protonation. I, fl@ volume change obtained is nearly
identical to the ones obtained for the amino acatlets Ac-Glu-NH and Ac-Asp-NH
described in Chapter 4. It is worth to note thaa ipolypeptide chain the vicinity of other
amino acids to Glu and Asp greatly influences thengical environment of the carboxylic
groups relative to the isolated amino acid models-Glu-NH, and Ac-Asp-NH
previously studied.

The rate constants obtained for the protonationGhf and Asp amino acid
residues can be compared to values reported by #&wutin different proteins:
2.5 x 1d° M* s? for BSA and RNase, and 1.2 x40 s* for lysozyme (Gutman &
Nachliel 1990). Table 6.1 presents the valukgpmmeasured from a linear plot of the
apparent rate constamb versus the concentration of BSA, rather than \serthe
concentration of protonable sites. At neutralitg tbtal number of Asp and Glu residues
per molecule of BSA is 98. If we assume for theddgaular rate an average valuekgf
2.5 x 16° M™ s from the results obtained for the neutralizatibthe amino acid models
Ac-Asp-NH, and Ac-Glu-NH (in Chapter 4), it is possible to estimate therage number
of reacting carboxylates as the ratio betwlkgandk,, values. Thus, the effective number
of Asp and Glu residues protonated per moleculBSA would be 5, when the pH jump is
promoted at pH 5.3. Among other kinetic assumptiohis reasoning considers that the
diffusion in water of charged model compounds ahd targe BSA molecule is
characterized by similar coefficients. This is @p@ximation and thus the number of Glu
and Asp residues protonated per BSA molecule shmilkcbnsidered as a minimum value.
In addition, the ratio between Ac-Glu-Nidnd Ac-Asp-NH concentration (600 uM) and
BSA concentration{80 uM) needed to reach the plateau region of the f\Gt versus
protein/amino acid concentration can also be usedstimate the average number of
reacting carboxylates. This concentration is relatgh the number of molecules needed

to “saturate” the protons released from the phatbaks the number of protons released
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on both experiments is the same, the relation hetwiee saturation concentrations should
be associated with the number of protonable slieséng this approximation, one can
estimate that the number of Asp or Glu residuedopaied per BSA molecule is
approximately 6.

To complement our results, calculations of solvewtessible surface area
(SASA) have been performed to evaluate the extérnoamino acid exposure to the
solvent (Ooi et al. 1987). SASA calculations amgeametric measure that can be applied
to assess this exposure. It is usually calculadedhie entire protein, but when calculated
for each individual amino acid residue, providegeater level of detail on the individual
contributions of the different amino acids residagéa protein for the folding or unfolding
processes. Relative solvent accessible surface(R®ASA) of an amino acid X can be
defined as the ratio of the solvent accessibleaserfarea of that residue in the three-
dimensional structure of a protein to that obseriredhe tripeptide Gly-X-Gly in an

extended conformation (Equation 6.8).

SASA, (1)

RAA, (f) = —— X7
SASAGIy—X -Gly

x100 (6.8)

The value of RSASA lies between 0% and 100%, wih @rresponding to a
fully buried amino acid residue and 100% to a feliposed solvent amino acid residues.
RSASA of each of the 98 Asp and Glu amino acidduess of BSA was computed with
the program GETAREA (Fraczkiewicz & Braun 1998)ngsia spherical probe of 1.4 A
radius, mimicking a water molecule.

Figure 6.9 depicts the RSASA of the Asp and Gluramracid residues in BSA
(PDB entry 3V03). As can be observed, several Asp @lu amino acid residues are
highly exposed to the solvent (RSAS20%), namely 38 Glu and 25 Asp. Only a small
fraction is partially buried or buried (RSASA50%), including 3 Asp and 2 Glu amino
acid residues. Although some of these protonald@ues are located in random coil
regions, such as Asp-111, Glu-299 and Glu-293, ro#tmino acid residues including
Asp-279, Asp-268, Glu-226 are arhelical regions. Most likely the protonation ofeth
amino acid residues located drthelical regions may perturb the helical contenthaf
protein and contribute to the protein pH-dependeriblding. Based on the secondary

structure content, it can be observed that aro8% 8f the Asp and Glu amino acid
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residues located in domain Il aredrhelical conformation. In domain 1, 85% of the Glu
and Asp amino acid residues are present-helices. On the other hand in domain |, only
approximately 65% of the Asp and Glu amino aciddgss belong tax-helices. Thus,
RSASA calculations suggest that the highest peagenbf Asp and Glu amino acid
residues ina-helical conformation are located in domain Ill athdThe protonation of
these residues may play a critical role in BSA iphrtinfolding because they may
contribute for destabilization of salt-bridges amdélectrostatic interactions which might
partially disrupto-helices. In fact, previous studies have shownttiel to F transition is
the result of conformational changes occurring igaim domain 1l and Il, whereas the

secondary structure of domain | is only slightlgmanged (Qiu et al. 2006).
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Figure 6.9: Relative solvent accessible surface area (RSASAh® Glu (A) and Asp (B)
amino acid residues of BSA. RSASA varies betweena®% 100%, with 0% corresponding to
a fully buried amino acid residue and 100% to §/fsblvent exposed amino acid residues.
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Since a significant number of Asp and Glu amina aesidues are located in
a-helical regions it is possible that their protéoatperturb the BSAu-helical content.
According to our results less than 10 Asp or Glsidees are protonated under our
experimental conditions. The protonation of suckides produces an unfolding event
measurable on the microsecond time scale as seggbgtphotoacoustic measurements
performed using the 0.5 MHz transducer. In faat]iprinary results obtained with the 0.5
MHz transducer reveal that the protonation of Asg &lu residues may contribute to this
BSA partial unfolding which can be characterized dysmall volume expansion of
approximately 2.3 ml mdland a lifetime between 1 and L&

Somea-helical proteins and polypeptides have been inyatstd using different
techniques. In particular, laser-induced pH jumhwiR-PAC detection has been applied
to examine the structural volume changes accompgmyie early events leading to the
formation of the compact acid intermediate of e&kDa protein, apomyoglobin (ApoMb),
in the presence of 200 mM guanidinium hydrochlor@HCI) (Abbruzzetti, Crema, et
al. 2000), and in the absence of denaturant (Misls®\& Larsen 2003). The protonation
of histidine residues (His 24 and His 119) wereppsed to be involved in the partial
unfolding of this protein. A large contraction G682 ml mot* with a lifetime of[(2.4 us
was assigned to structural changes taking placengiuhe ApoMb unfolding. In the
absence of denaturant, Miksovsk& and collaboratbserved a smaller volume decrease
of about -22 ml mét with a lifetime of 620 ns. Furthermore, the acidtced disruption
of the helical structure of poly-L-Lysine acid (PLIn = 165) is associated with a
contraction of approximately -17 ml nibland lifetime of 250 ns. The coil to helix
transition in poly-L-glutamic (PLG) (n = 82) indutéy pH jump and studied by PAC
shows an expansion of approximately 7 ml thelth a lifetime of 100 ns.

Although a significant loss of helical content igpitally characterized by a
considerable volume contraction, under our expertaieconditions the protonation of
BSA seems to promote a small volume expansion ®fnal. mol* (3.8 A%). Previous
studies on volume changes of BSA using ultrasouedsairements have shown that as the
binding of protons to BSA proceeds with decreagihigfrom about 5 to 2 a progressive
decrease of volume is observed (El Kadi et al. 20Di6e variation of volume is originated
from at least two phenomena. First, the partiablafig process of the BSA helices leads
to a progressive exposure of the protein surfadedacid aqueous environment, leading

to increased hydration. At the same time proteiids@nd cavities, which in the native
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protein contribute substantially to the compredisjtand to the partial specific volume are
collapsing. Hence, if sufficiently number of Aspdalu residues are protonated the
volume expansion due to protonation of these residdhould be followed by a slow
volume contraction as reported for otharhelical proteins undergoing complete
unfolding.

Our results indicate that a reduced number of &spGlu amino acid residues are
protonated under our experimental conditions. Asoasequence, only a minor partial
unfolding of the BSA may be occurring and it is possible to identify the location of the
Asp and Glu amino acid residues being protonatee. Small expansion of 2.3 ml ol
could be associated with an early local partiabldifig event, which has previously been
observed upon unfolding of the RN80 peptide (in f@&a5). One can suggest that this
partial unfolding event may be occurring on domdinear 11l because there are several
Asp and Glu residues highly solvent-exposed locdtedi-helical regions in these
domains. Although in the RN80 an unfolding lifetimeund 369 ns is observed, for BSA
a longer lifetime around 1 to 1s is detected, which may be explained taking in
consideration thaté-helices in a protein are not isolated fragments taere are several

stabilizing interactions that need to be pertuntygdn partial unfolding.
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Transthyretin folding kinetics:
Does slower refolding imply enhanced

amyloidogenicity?

7.1 Introduction

Research concerning the stability and folding andolding pathways for
oligomeric proteins, mainly dimers and tetramewss hot been as extensive as with the
monomeric counterparts. Significant insights hagerbgained from monomeric folding
systems regarding the intramolecular forces resplenfor the formation and stabilization
of secondary and tertiary structures. Howeves ot yet clear how these insights apply
to the intermolecular association reactions thabikte the quaternary structure of
oligomeric proteins. Further knowledge into thedfog of oligomeric proteins is essential,
especially since the majority of proteins foundnature are‘multiple subunit” type
structures, which offer evolutionary advantageshsas increased thermostability relative
to monomers and exquisite regulation through alystand cooperativity in ligand
binding. The folding of oligomeric proteins requdrhat the protein folding code direct the
formation of intramolecular secondary and tertiatsgucture as well as the quaternary
interactions necessary for biological function.asl of reversibility, often resulting from
aggregation, is a complication in the folding ofnrparoteins, and particularly oligomeric
systems (Jaenicke & Lilie 2000)n vivo, this competition between folding and

aggregation is often offset by the assistance apelones (Jaenicke & Lilie 2000).
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The present work describes not only the investigaito the folding pathway of
the tetrameric protein transthyretin (TTR), whishoine of several proteins known to be
involved in human amyloid diseases, but also hawsihgle point mutation V30M affects
the TTR folding rate and how this may affect itsysoid fibril-forming propensity.

Human TTR is a homotetrameric protein with a totalar mass of 55 kDa found
in the plasma and cerebrospinal fluid (see Figute Tt is synthesized mainly in the liver,
choroid plexus, and retina (Brito et al. 2003; Swoypr et al. 1985; Stauder et al. 1986) and
its main known functions are the transport of tixyjme and retinol, the later in association
with the retinol-binding protein (RBP). The conaatibn of TTR in serum ranges from
170 and 420 pg/ml, and in the cerebrospinal fluadies between 5 and 20 pg/mi
(Vatassery et al. 1991). The three-dimensionatsiras of wild-type TTR (WT-TTR) and
several of its variants have been solved to higltgion by X-ray crystallography. In
general, the crystal structures of the TTR variaares similar to that of the wild-type
protein (Hérnberg et al. 2000; Palaninathan 20T8g main structural element of each
TTR subunit is g-sandwich consisting of twg-sheets with foup-strands each (Figure
7.1). The association of the four subunits in thé&ve tetramer forms a central channel
with two thyroxine-binding sites (Blake et al. 197Blore than 80 mutations of TTR have
been reported, most of them amyloidogenic.

Abnormal protein aggregation into highly structureligomers and insoluble
fibrils, known as amyloid, is the hallmark of sealeneurodegenerative diseases, such as
Alzheimer's disease, Parkinson’s disease, Fanmflmyloidotic Polyneuropathy (FAP),
Senile Systemic Amyloidosis (SSA) among many oth@hiti et al. 1999). The
neurodegenerative amyloid pathology FAP is a pergh neuropathy with a high
mortality rate which is characterized by extradeluweposition of amyloid fibrils mostly
constituted by variants of TTR. Amongst TTR var&gnt30M is the most prevalent
amyloidogenic variant and L55P yields the most aggive symptoms. In SShe fibrils
are essentially formed by wild-type TTR and itstpaoiytic fragments. In contrast to
SSA, that predominantly affects patients over 8@ryef age, FAP is an autosomal
dominant lethal disease that may affect individdigs their twenties (Saraiva et al.
1984; Saraiva 1996}t is known today that amyloid formation by TTR pseceded by
tetramer dissociation and partial unfolding of theulting low stability monomers. Thus,
multiple physico-chemical factors, chief among thei@tramer dissociation kinetics,
monomer conformational stability, and aggregatioretics do play a critical role in TTR

amyloidogenesis (Brito et al. 2003). Accordinglfet characterization of potential
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differences in the folding kinetics of WT-TTR andnse of its variants may provide
important clues for the understanding of how défér TTR variants have different

amyloidogenic potentials and target different téssu

Wild type

Figure 7.1: (A) Ribbon diagram of the three-dimensional stnoetof human transthyretin. (B)
Schematic representation of the X-ray crystal stmes of wild type and V30M subunits of
human TTR (PDB entries 1TTA and 3KGT, respectivelyJR subunits are composed by
eight Z-strands (in yellow) labeled with letters A to Hdaa smalla-helix (in purple). Residue
30, located ir3-strand B, is represented in balls-and-sticks.

Several studies have investigated the correlate&twéen the structural stability
and aggregation propensity of TTR variants, usiitigee experimental or computational
approaches. Previously published results on TTiRrtedr stability have shown that WT-,
V30M-, L55P-, and the non-amyloidogenic T119M-TTRe dighly stable to thermal
unfolding (Shnyrov et al. 2000). The tetramericnfier of the amyloidogenic variants
present only slightly lower thermodynamic stal@itithan the non-amyloidogenic ones. In
addition, a number of studies showed that the kisetf TTR tetramer dissociation do not
fully correlate with the amyloidogenic potential @f known TTR variants (Quintas et al.
2001; Hammarstrém et al. 2002; Brito et al. 2003)fact, complex tetramer dissociation

pathways may also contribute to increase the rapanitioning of TTR into aggregation
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pathways (Babbes et al. 2008). One interestingltrésum previous work revealed that
amyloidogenic TTR variants produce large amountsaittially unfolded monomeric

species in solution as a consequence of the loforoational stability of the non-native

monomers formed upon TTR dissociation and/or duggb rates of tetramer dissociation
(Quintas et al. 1997; Quintas et al. 2001; Bableal.e2008). Analysis of molecular

dynamics unfolding simulations of WT- and L55P-TTé¥ealed that the subunits of the
amyloidogenic TTR variant does present a much highebability of forming transient

conformations compatible with aggregation and amdylfmrmation (Rodrigues et al.

2010).

Previous studies on WT-TTR refolding kinetics by lliteand collaborators
(Wiseman et al. 2005) were performed over a redbtivwide range of protein
concentrations and an unusual 3-step refolding amsim was proposed. In the present
work, protein concentrations within the range obsdrin physiological conditions were
used in order to compare the refolding kineticsWit- and its amyloidogenic variant

V30M-TTR and study how folding rates may affect TR amyloidogenic potential.

7.2 Materials and Methods

7.2.1 Protein Sample Preparation

Recombinant WT- and V30M-transthyretin were produireanEscherichia coli
expression system (Furuya et al. 1991) and puriisddescribed previously (M. R.
Almeida et al. 1997). Protein concentrations westednined spectrophotometrically at
280 nm, using an extinction coefficient of 7.760¢ M cm™, based on a molecular mass
of 55 kDa for TTR 51 %) = 14.1 mg ml cnmi’] (Raz & Goodman 1969). Protein
samples were prepared in 20 mM sodium phosphaferbd60 mM sodium chloride, at
pH 7.0. Guanidinium thiocyanide (GAmSCN), urearaline (T;) and all other chemicals
were of the highest purity commercially availabledawere purchased from Sigma-
Aldrich Chemical Company, St. Louis, USA.
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7.2.2 TTR Denaturation

In order to avoid long exposure times (> 24 howoshigh urea concentrations
required for TTR unfolding that may lead to cherhicaodification of the protein,
chemically-induced unfolding of TTR was accompldha two steps. Protein samples
were incubated in 2 M GdmSCN for 12 hours, followsd dialysis against 6 M urea
during 10 hours. Once tetramer dissociation analdimig is achieved by the action of
GdmSCN, urea is able to maintain the denatured.dbsnaturant solutions were prepared
in 20 mM sodium phosphate buffer, 150 mM sodiunocte, at pH 7.0. Stock solutions
of GAMSCN were prepared at an approximate condi&mtraf 5.8 M. Freshly prepared 6
M urea stock solutions were employed in all experita. The concentration of stock
solutions of GAMSCN and urea were checked by tiefiactive index (Pace & Scholtz
1997). These measurements were performed on AutoRafractometer from Rudolph

Research.

7.2.3 Refolding Experiments

WT- and V30M-TTR, denatured as described abovegwefolded by dilution
into 20 mM sodium phosphate buffer, 150 mM sodiurtoiide, pH 7.0, to the desired
urea and protein concentrations, at 25 °C. Thddiefp reaction was allowed to proceed
for 12 hours and was monitored by intrinsic flucessce. Protein refolding experiments
were carried out at several urea and protein cdrad@ns. Final concentrations of urea
varied between 1.8 - 2.6 M (for WT-TTR experimerdsyl 0.4 - 1.2 M (for V30M-TTR
experiments). To analyse the dependence of refplkimetics on protein concentration,
refolding experiments were performed by using fipedtein concentrations that varied
between 1.0 and 04M. Fluorescence measurements were performed omiarM&clipse
spectrofluorometer equipped with a thermostated cempartment at 25°C, with
continuous stirring. Spectra of intrinsic fluoresce of TTR were recorded in the
wavelength range of 300 to 420 nm upon excitatipA8® nm. The kinetic traces were
collected at 380 nm with excitation at 290 nm, gsli® and 5 nm slit widths for emission
and excitation, respectively. A 1.0 cm path lengghtangular cell was used for these
studies. The refolding experiments were repeatecerak times and found to be

reproducible within experimental errors.
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7.2.4 Far-UV Circular Dichroism

Circular dichroism (CD) experiments were performedmonitor the structural
transitions that occur during the unfolding analdihg of WT- and V30M-TTR. Far-UVv
CD spectra were recorded on an OLIS DSM 20 CD spglcbtometer in the wavelength
range of 190 to 260 nm, and using a 0.2 mm patbthenell. CD spectra of WT- and
V30M-TTR were run with a step-resolution of 1 nm,iategration time of 6 s, and using
a bandwidth of 0.6 nm. The spectra were averaged two scans and corrected by
subtraction of the corresponding buffer signal. c8insolutions containing high
concentration of GAmMSCN absorb too strongly in fdreUV region, the CD spectra of
TTR samples incubated in this denaturant wereewrded. The absorption of urea in the
far-UV also restricts the wavelength range of tHe @easurements and consequently
reliable CD spectra in presence of urea were avllgcted at wavelengths above 205 nm.

The results are expressed as the mean residuéicallif©]urw, defined as
[O]mrw = Ouss (0.IMRW)/(IC), where®@qs is the observed ellipticity in millidegree|RW
is the mean residue weiglatjs the concentration in milligrams per millilitend! is the
light path length in centimeters. Final spectraeramnoothed using a Savitsky-Golay filter
(OriginPro7 software).

7.2.5 Gel Filtration Chromatography

Refolded species of TTR were characterized by igehtfon chromatography
performed on an Amersham Pharmacia Biotech FPL&18er-75 HR column, coupled
to a Pharmacia P-500 pump and a Gilson UV detedtbe column was allowed to
equilibrate with 5 column volumes of chromatograjiuyfer (20 mM sodium phosphate,
150 mM sodium chloride, pH 7.0). Final chromatodmapuns were performed at a flow
rate of 0.4 ml/min. Apparent molecular masses weleulated by interpolation on an
elution volumeversus log(molecular mass) calibration curve of four photetandards:
bovine serum albumin (66 kDa), carbonic anhydr@8ekpa), cytochrom€ (12.4 kDa),
and aprotinin (6.5 kDa).
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7.2.6 Thyroxine Binding Assays

The native-like behavior of the refolded TTR samplwas evaluated by
monitoring the ability to bind the natural ligartdytoxine (Ty). Thyroxine binding assays
were performed taking advantage of the quenchinthefintrinsic protein fluorescence
upon thyroxine binding. Stock solutions of Were prepared in 20 mM sodium phosphate
buffer, 150 mM sodium chloride, pH 7.0. Concentnasi of T, solutions were determined
spectrophotometrically at 325 nm, using an extimctoefficient of 6.18 x ToM™ cmit
(Edelhoch 1962). Refolded protein samples wereyzig against 20 mM sodium
phosphate buffer, 150 mM sodium chloride, pH 7 &oke the binding assay. Binding
assays were performed by adding aliquots of fregtgpared stock solutions of;, 1o the
refolded tetramer of TTR, at approximately¥ concentration. The final concentrations
of T4 varied between 0.19 and GM. Fluorescence measurements were performed on a
Varian Eclipse spectrofluorometer with continuotilsiag, at 25 °C. Intrinsic fluorescence
of TTR was recorded in the wavelength range of 20820 nm, upon excitation at 280
nm, using 5 and 10 nm slit widths for excitatiord @amission, respectively. A 0.5 cm path
length rectangular cell was used for these studibks.emission fluorescence data at 350
nm were analyzed by nonlinear least-squares fittinging the software package
OriginPro7 (OriginLab Corporation, USA). Experimental bindiogrves were fitted using
Equation 7.1:

1+ Ka['—]o + nKa[C]O _\/(_ 4Ka2[c]0[|-]0 + (_1_ Ka['—]o - nKa[C]O)Z)

2nK ,[c], (7.2)

y = AFmax

where AFax is the maximum variation in fluorescence intensityis the number of

equivalent binding site, is the association constant, ar€lo[and L], are the total

protein concentration and the total ligand conegiun after each ligand addition,
respectively (Wyman & Gill 1990; Klotz 1997).
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7.2.7 Refolding Data Analysis

Refolding kinetics curves were constructed using thariation in emission
fluorescence upon TTR refolding, at 380 nm. Sevesfdlding kinetic schemes were
tested for compatibility with the experimental datde simplest best-fitting and more
likely kinetic model for the refolding and assembfithe TTR tetramer was found to be a

simple 2-step mechanism:

2M penatured O — D (7.2)

2D 0 - Tyaive (7.3)

whereM, D andT correspond to monomer, dimer and tetramer, reisdctThe system

of differential equations associated with this nathm is:

% =2k, [M]? (7.4)
0w -2 of 79
dr]_, rope

e kz[D] (7.6)

where the brackets indicate the molar concentratiothe enclosed species ané the
time in seconds. Conservation of mass dictatesGQkat[T] + 2[D] + [M], whereC is the
total concentration of protein subunits. Since we aoncerned with homotetramer
assembly starting from a pool of unfolded monomiirs,initial conditions areéM]i=o = C
and PDJw=o = [Tl=o = 0. Assuming these considerations, the differémtipiations were
solved using the prograiathematica 4.2 (Wolfram Research, Inc., USA) obtain the
concentrations df1, D andT over time, which were used in Equation 7.7. Thestoaurse

of fluorescence change was described by the equatio

I = fu[M]+ fp[D]+ £ [T] .7
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wherel; (t) is the observed fluorescence intensity at tipaadfr, fp andfy, are the specific
fluorescence intensities @f D andM, respectively. The equations to obtain the nuraéric
solutions of the differential equations associateth the 2-step folding mechanism
described above are presented in Appendix C. Tieecnstant&; andk, were obtained
by fitting Equation 7.7 to the data, using nonlinleast-squares analysis, and the software
packageOriginPro7 (OriginLab Corporation, USA). The final values kaf and k, were
refined until no further significant improvementtot fit was observed, and judged by the
distribution of the residuals.

The dependence on urea concentration of the refpldhte constantk; and k;

was fitted to Equation 7.8:

Ink, =Ink, ®+m, [urea] (7.8)

wherek; is the rate constant for refolding obtained dedént urea concentrations? is
the apparent refolding rate constant in the absehdenaturant, anah, is the refolding

rate dependence on urea concentration.

7.3 Results

Previously published results have shown that amglpénic and non-
amyloidogenic TTR variants dissociate to non-nativenomers, with the amyloidogenic
variants producing larger amounts of partially usdol monomeric species as a
consequence of the marginal conformational stgbilftthe non-native monomeric state
(Quintas et al. 1997; Quintas et al. 1999; Quirtasl. 2001). In this work, we study the
refolding kinetics of WT-TTR and its amyloidogeniariant V30M-TTR to investigate if
differences in folding rates also play a crucidérnm aggregate formation and potentially

in amyloidosis.
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7.3.1 Examining TTR Conformational Changes upon Denaturation and
Refolding

Tetrameric TTR is highly stable and difficult to rdgure even at high urea
concentrations (Hammarstrom et al. 2001). Thugvid long exposures to urea which
may lead to chemical modification of the proteihemically-induced unfolding of TTR
was accomplished by incubating the protein in 2 MMSCN for 12 hours. However,
preliminary refolding experiments from 2 M GdmSChowed that complete unfolding
and refolding of TTR occurs in a very narrow GdmSEdhcentration range (data not
shown). In order to study refolding kinetics in &@r range of denaturant concentrations
and a larger range of apparent rate constantgipronfolding was performed in two steps
as described in the Materials and Methods secfidir was first incubated in 2 M
GdmSCN for 12 hours, followed by dialysis againsM6urea during 10 hours. Then,
protein refolding experiments were performed by @andilution to the desired final urea
and protein concentrations. To evaluate and opéinttze denaturing and refolding
conditions, intrinsic tryptophan fluorescence amd-BV CD experiments were used,
providing information about changes in tertiary asdcondary protein structure,
respectively.

Intrinsic protein fluorescence, using tryptophampfTas a reporter, provides a
sensitive measure of protein tertiary structurengea and is widely used in protein
folding studies. Most proteins, however, posses#tipiel Trp residues and the overall
protein emission, naturally, yields only averagiimation on the protein structure. In
these cases, to extract and evaluate the contibafieach reporter, and thereby track the
conformational changes occurring in different pasfsthe macromolecule might be
difficult. In particular, TTR has two tryptophansidues in each of its four identical
subunits at positions 41 and 79. Trp-79 is locatethe singlea-helix of the protein
positioned between strands E and F, while Trp-4lbdated in the loop proximal to the
beginning of strand C (see Figure 7.2). Previousliss showed that in the tetrameric
form, while Trp-41 has a solvent exposure of 34,IT%-79 is almost totally buried in the
protein interior presenting a solvent exposure plyal.0 % (Quintas et al. 1999).
Moreover, it is also shown that the intrinsic flascence exhibited by TTR at pH 7 is
mainly due to Trp-4{Lai et al. 1996; Quintas et al. 1999).
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Figure 7.2: Representation of the X-ray crystal structure idtype human TTR (PDB entry
1TTA) showing the position of the two tryptophasideies in each protein subunit.

Analysis of the intrinsic tryptophan fluorescengeatra in Figure 7.3 revealed
that the native tetramers of WT- and V30M-TTR haeey similar emission maxima, at
approximately 340 nm, characteristic of partiallyribd tryptophans which in TTR
corresponds to Trp-41. A large red-shift in the ssiwn maximum occurs upon TTR
unfolding in 2 M GAmSCN (Figure 7.3), due to anr@ase in solvent exposure of both
tryptophans and consequently a less hydrophobiégra@maent around the tryptophan
residues in the denatured state. As shown in Figugethe fluorescence spectrum of both
TTR variants incubated in 2 M GdmSCN virtually deps the spectrum taken after
dialysis against 6 M urea, indicating that urealde to maintain the GdmSCN-induced
denatured state. The fluorescence spectra also staivthe refolded species of WT- and
V30M-TTR have emission spectra very similar to thad the native tetramers, with
emission maxima of approximately 340 nm, indicatimgt protein refolding was achieved
upon urea dilution. These results suggest thatryipgophan residues completely recover
their native state of solvent exposure upon refgidiwhich suggests that both TTR

variants regain their native tertiary conformation.
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Figure 7.3: Changes in intrinsic tryptophan fluorescence of ¥l V30M-TTR in denaturing
conditions (2 M GdmSCN and 6 M urea) and after né@lding reaction induced by urea
dilution, at pH 7.0 and 25 °C.

The changes in secondary structure exhibited by \AWid V30OM-TTR upon
unfolding and refolding in urea were monitored by-JV CD. As shown in Figure 7.4,
both native TTR variants present a CD profile tgpiof mainlys-sheet proteins, with a
single negative band, at approximately 215 nm,apdsitive band between 190 - 200 nm.
Under urea denaturing conditions, the CD spectr&/@t and V30M-TTR show the
appearance of negative peak of greater magnitudendr200 nm accompanied by a
significant decrease in intensity at 215 nm, duiéoloss of-sheet structure (Figure 7.4).
However, the absorption of urea in the far-UV regiestricts the wavelength range of the
CD measurements, and thus CD spectra were onlyotetl at wavelengths above 205 nm.
Nevertheless, upon dilution of the samples dendtinré M urea, the far-UV CD spectra
of the refolded WT- and V30M-TTR virtually overlapith the spectra of the native
proteins with a single negative band at 215 nmicatthg that after dilution the residual
concentration of urea has a negligible effect aa gbcondary structure of the proteins
(Figure 7.4). These results demonstrate that pidilution, both TTR variants are largely
unfolded in 6 M urea, but the native-like secondstrycture of WT- and V30M-TTR is

completely recovered upon refolding from urea.
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Figure 7.4: Changes in secondary structure of WT and V30M-T&Rants monitored bfar-
UV CD, in the presence and absence of urea, at.plnt 25 °C.

7.3.2 Characterization of the TTR Refolded Species

In addition to intrinsic tryptophan fluorescenaaldar-UV CD, refolded species
of WT- and V30OM-TTR were characterized by size esgmn chromatography and
thyroxine binding assays. Figure 7.5 show size wsioh chromatograms of WT- and
V30M-TTR after refolding from urea. The chromatagesashow the presence of one
major peak (> 95 %), with an elution volume of apfimately 22 ml and an apparent
molecular mass of 60 kDa, clearly showing the te&mac nature of the refolded species of
WT- and V30M-TTR. Furthermore, the absence in theomatogram of other molecular
species, in any significant amount, indicates biwdh TTR variants refold to the tetrameric

form with a very high yield.
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Figure 7.5: Size exclusion chromatograms of WT-TTR and V30WRTafter protein refolding
from 6 M urea, respectively.

Thyroxine binding assays were performed to asdettw irefolded tetramers of
WT- and V30M-TTR displayed native-like binding pesfies. Values for the affinity of
transthyretins of different species to thyroid honmas have been reported (Chang et al.
1999). The dissociation/association constantstigroxine binding to TTR have been
determined using different pH and temperature ¢mmd and several methods have been
applied, such as equilibrium dialysis, fluorescencgienching, gel filtration,
immunoadsorption, among many others. Although TT&s hwo binding sites for
thyroxine that sit in a central channel in the iifsee between the two dimers, it is worth
of note that the values obtained by most of theséhaus report only the affinity of a
single strong binding site (Nilsson & Peterson 19CZhang et al. 1999). As mentioned in
the literature, due to the negative cooperativithiileited by TTR for thyroxine binding,
the second binding site present weaker affinity asdaped to detection using these

methods that are well suited for reactions of Fffinity. On the other hand, it is difficult
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to distinguish between two association constargsenting low difference in magnitude.
Hence, most of the values published in the liteeatare apparent association or
dissociation constants and it is observed that thedues vary greatly both within and

between species (Chang et al. 1999). In partictdarthe binding of thyroxine to human

transthyretin the values & range from 0.3 to 128 nM.

Herein, the measurements of thyroxine binding t&R Wlere performed by taking
advantage of the quenching of TTR intrinsic fluoerxe by the ligand. Since the
absorption maximum for thyroxine, around 326 nmeraps the emission spectrum of
tryptphan in TTR, quenching of the tryptophan flesrence would be expected when
trypophan and thyroxine are within less than 50 rdnf each other. However, the
quenching of the intrinsic fluorescence of TTR iesilikely due to deactivation of the
TTR fluorophores excited state by the iodine atahthyroxine. Several synthetic TTR
ligands lacking halogen atoms do not quench the flidtescence upon binding (data not
shown), which evidences the role of the iodine atdmthe mechanism of fluorescence
quenching (Quintas et al. 1999). Because no sinifte fluorescence emission maxima
are observed, no major conformational changes mpectéed to occur in TTR upon
thyroxine binding, which is also evident from theadysis of the crystal structures of TTR
in the absence and presence of thyroxine (Wojtetall. 1996). Figure 7.6 shows the
isothermal binding curves of thyroxine to WT- an@BOX-TTR after the refolding
reaction, obtained by plotting the variation of TTirinsic fluorescence intensity as a
function of thyroxine concentration. The stepwisigliaon of thyroxine to TTR caused a
progressive quenching of tryptophan fluorescendiénprotein (inset graphics in Figure
7.6). The apparent association constaKt3 for T, binding were determined by fitting
Equation 7.1to the experimental data (Table 7.1). Previousr8soence quenching
measurements to obtain the affinity of thyroxine fmman TTR have reported values
raging from 7.8 x 10M™ to 3.1 x 18 M (Nilsson & Peterson 1971; Nilsson et al. 1975;
Cheng et al. 1977; Chang et al. 1999). Under opegmental conditions (pH 7.0 and 25
°C), T4 binds to WT- and V30M-TTR with apparent associatimmstants of 1.6 £ 0.2 x
10° M? and 1.5 + 0.4 x T0 M, respectively (Table 7.1). As shown in Table Ttk
mean appareri, value for both TTR variants was slightly but ngnsficantly reduced
upon refolding. Thus, the similarity between thgapparent association constants for
native and refolded TTR indicates that both WT- &8DM-TTR refold to the active

tetrameric form.
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Figure 7.6. Isothermal binding curves of thyroxine to refold®T- and V3OM-TTR
monitored by the variation of fluorescence emissidr850 nm. The graphs inset show the
intrinsic emission spectra of the protein TTR ia gfresence of increasing doncentrations.

Table7.1: The apparent association constdg) of T, binding to native and refolded TTR, at
pH 7.0 and 25 °C.

Kax 10° (M

TTRvariants Native Rdg,l/? i(:;riom
WT 1.6+0.2 1.5+0.3
V30M 1.5+0.4 1.3+0.4

7.3.3 TTR Refolding Kinetics

TTR refolding under urea denaturing conditions ssagiated with a significant
change in the tryptophan residues environment,easated by a large blue-shift of
approximately 15 nm in the emission maximum (Figdr8). Since TTR tryptophan
residues are located at the inter-monomer and -dtiteer interface, monitoring the
intrinsic tryptophan fluorescence changes seemBetan appropriate methodology to
measure folding and assembly kinetics of the natateamer (Figure 7.2). Refolding
kinetics of WT- and V30M-TTR was followed by chasga intrinsic fluorescence at 380
nm upon tryptophan excitation at 290 nm. TTR rdfadwas initiated by dilution of
solutions of unfolded TTR, containing 6 M urea,the desired final urea and protein
concentrations. Figure 7.7 shows typical exampfeBuorescence refolding decays for

WT- and V30M-TTR. Several kinetic models were tdsteuch as a single exponential
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decay simulating a single-sté¢¢M — T) refolding mechanism, but the fits were of poor
quality and were discarded. The simplest besn§ttkinetic model was found to be a
simple 2-step mechanism with one folding intermedias represented by Equations 7.2
to 7.7 in the Materials and Methods section. Asash Figure 7.7, the residuals exhibit
random distribution and small dispersion, indiogtithat the chosen kinetic model is
appropriate to describe the refolding mechanisnitferTTR variants under analysis. The
apparent refolding rate constants for WT- and V3DMR, at different final urea
concentrations, are shown in Table 7.2. In all erpents, the faster kinetic constaht)(

is at least one order of magnitude larger tharséoend kinetic constariyj.
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Figure 7.7: Representative kinetic traces of WT- and V30M-TidRolding monitored by
intrinsic fluorescence emission, at different uoeacentrations, pH 7.0 and 25 °C. The best
fitting curves (solid lines) to the experimentatalpoints were obtained using a 2-step model.
These refolding assays were performed at a congtatein concentration of 1 uM. The lower
panels show the residuals (the difference betweerexperimental data and the fitted data for
each point).
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Table 7.2: Refolding rate constants of WT-TTR and its amydgjenic variant V30M-TTR at a
protein concentration of (IM (calculated as tetramer).

Dependence of the refolding kinetics on urea concentration®

Urea k,° x10° k! x10*
Concentratiofi
M Mls? Mis?
0.4 1.7+0.01 57+0.4
WTTTR 0.6 0.52 +0.04 40+0.8
0.8 0.34+0.04 2.8+0.08
1.0 0.25+0.01 1.7 £0.05
1.2 0.16 +0.01 8.0 +0.04
1.8 3.6 +0.02 13.0+0.75
2.0 0.55+0.01 5.8+0.14
V30M-TTR 2.2 0.17 £0.01 2.5+0.08
2.4 0.10 +£0.01 1.5 +0.07
2.6 0.03 +0.004 0.75+0.02

Extrapolation to the absence of denaturant®

kq° ky?
Mist Mist
WT-TTR 2.2x16 8.1x16G
V30M-TTR 1.8 x 16 1.9x18

2 The refolding rate constants were obtained bin§itEquations 7.4 to 7.7 to the

experimental data, at different urea concentrations

®Final urea concentration in the refolding mixture;

¢k, is the rate constant for the initial step of the-step refolding mechanism,

corresponding to the formation of a folding intediate;

9k, is the rate constant for the slower step of tfi@ldg mechanism, corresponding
to the formation of the native TTR homotetramer;

€ Apparent refolding rate constants of both TTR vagan the absence of denaturant
were obtained by extrapolation of the refoldingesaat different urea concentrations
and using Equation.8 (see Figure 7.9).

The extrapolation of the experimentally determiragparent rate constants for
conditions of absence of urea, allows the direchmarison of the folding rates of WT-
and V30M-TTR. Plots of the apparent rate constdmtand k, as a function of urea
concentration are shown in Figure 7.8. Each daiatp® an average of at least three

independent measurements, and a linear least-sfjuaféequation 7.8&0 the data yields
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the kinetic constants in the absence of urea (Tallle The rate constants for V30M-TTR
refolding in the absence of urea are significalttlyer than those for WT-TTRK; is three
orders of magnitude lower, aRgis 40-fold smaller. In both cases, the kineticstantsk;
andk, show similar dependence on urea concentration,esligg that both kinetic phases
might correspond to reactions analogous in natiaeexample hiding of hydrophobic
surfaces. In addition, there are no experimentadlezxes to suggest that the TTR
refolding pathway may include rate-limiting proocesssuch as proline isomerization
(Bodenreider et al. 2002), because in general tkies¢ic steps present weaker or even no

dependence on denaturant concentration.
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Figure 7.8: Urea dependence of the refolding rate constants TWR-and V30M-TTR,
measured by intrinsic fluorescence at 380 nm, gHand 25 °C. The plotted rate constants are
an average of at least three independent expesméhe symbolse) and @) represent the
values ofk; andk, for each urea concentration, respectively. Thedsaid dashed lines are the
linear least-squares fits f&r andk,, respectively.
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7.4 Discussion

Most amyloid diseases are caused by extracellylantaxic protein aggregates
produced by non-native protein conformations. Thssies like protein conformational
stability, and protein unfolding and refolding kiles which determine the ensemble of
non-native partial unfolded conformations accessitd a protein, may be crucial for
amyloidogenesis (Brito et al. 2003). In the casd©R, a tetrameric protein, additional
factors like tetramer dissociation kinetics (Hamsti@m et al. 2002) and subunit
conformational stability (Quintas et al. 2001; Rgdes et al. 2010) have been shown to
play a role.

Herein, we compare the refolding kinetics of thieatmeric protein transthyretin
WT-TTR and one of its most common amyloidogenic antg V30M-TTR. The
experiments were carried out at relatively low pimotconcentrations, within the observed
physiological levels, which range between 3M in the plasma and 0.3iM in the
cerebral spinal fluid (Vatassery et al. 1991). 8iidR has two tryptophan residues per
subunit and they are located at the interfaces menanonomer and dimer-dimer, the
changes in intrinsic fluorescence may report ndy tme folding but also the assembly of
the TTR tetramer. Thus, we monitored protein refgdollowing intrinsic fluorescence
changes, a direct method, to measure the disapmea the unfolded monomers in
solution. The kinetic results obtained suggest thatsimplest and most likely model for
folding and assembly of both TTR variants is caesiswith the pathwayM — 2D — T.
This model can be justified based on the followatgervations(i) the refolding kinetics
obtained for both TTR variants fit well to a 2-stepcess, indicating the presence of a
single folding intermediate (Figure 7.7)ii) Similar dependence on denaturant
concentration was observed for both kinetic stepgchvindicate that these two phases
may be describing processes of similar nature fllkeexample the progressive hiding of
hydrophobic surfaces (Figure 7.8)ii) At the denaturing conditions used, both TTR
variants completely unfold as shown by changekenTiTR intrinsic fluorescence and far-
UV CD (Figure 7.4);(iv) The native TTR tetramer is the main product obldifg, as
revealed by its spectroscopic and binding prop(fieorescence, far-Uv CD, molecular
mass and thyroxine binding) (Figure 7.3, Figu &nd Figure 7.5). In addition to the
intrinsic tryptophan fluorescence refolding expests, the refolding profiles of both TTR

variants were analyzed by transverse urea gradirglectrophoresis (Jesus et al. 2013).
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This technique provides useful information abowt kinetics of the refolding transition as
well as the presence of any folding intermediadgesin this transition (Goldenberg 1997;
Goldenberg & Creighton 1984; Creighton 1986; Siddi& Francisci 2007). Briefly, the
urea gradient gel electrophoresis refolding pastéawve shown that a single unfolded state
is preferred at the higher urea concentrations el ag the single band with constant
electrophoretic mobility detected at low urea caotticgions is consistence with the
presence of a single main product of refolding,cvhiorresponds to the TTR tetramer.
These refolding patterns also suggest both TTRamtmi refold through a 2-step
mechanism, thus an intermediate may be involvedisTkhe urea gel electrophoresis
results are in very good agreement with the dattaimdd from protein intrinsic
fluorescence, chromatography and far-UV CD andh@rrtcorroborate the previous
observationgi), (iii) and (iv). The proposed TTR refolding model is consisterth&ll the

results described above (Figure 7.9).
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Figure 7.9: Schematic representation of transthyretin foldingd aamyloidogenesis. In

denaturing conditions, native tetrameric TTR diss®s and unfolds to unfolded monomers.
At physiologically relevant protein concentrationse show that the simplest best-fitting
refolding model involves the presence of a dimentermediate. TTR may alternatively
present amyloidogenic behavior, characterized ley dissociation of the native tetramer to
non-native monomers, which in turn depending oiir tt@nformational stability may undergo
partial unfolding leading to aggregate formatiod aventually amyloid assembly.

The folding mechanisms of a number of other homaegric proteins have been
studied by several authors and in all cases, fgldimd assembly were postulated to occur
via a Monomer (M) - Dimer (D) - Tetramer (T) pathwayldT mechanism). Among

these, are dihydrofolate reductase (Bodenreidal. @002), the potassium channel Kv1.3
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(Tu & Deutsch 1999), p53 (Mateu et al. 1998)galactosidase (Nichtl et al. 1998),
pyruvate oxidase (Risse et al. 1992), glyceraldef8qphosphate dehydrogenase (Rehaber
& Jaenicke 1992), human platelet factor 4 (Chen &M1991), phosphofructokinase (Le
Bras et al. 1989), phosphoglycerate mutase (Hermeémh 1983; Hermann et al. 1985),
and lactate dehydrogenase (Bernhardt et al. 19&tmé&hn et al. 1981). Kelly and
collaborators have previously performed refoldingekic studies of WT-TTR following
tetramer assembly through binding of a fluoreseaahpound and using a wide TTR
concentration range (0.72 — 3®1 in monomer) (Wiseman et al. 2005). To fit theadat
over such a wide protein concentration range, tboas postulated a more complex
folding mechanism involving a Monomer (M) - DimdD)(- Trimer (R) - Tetramer (T)
pathway (MDRT mechanism). However, the authors estpgl that at low protein
concentrations, the simpler and more common MDThaeism could occur (Wiseman et
al. 2005). Furthermore, it has been pointed out Widle for the MDT mechanism the
tetramer is inevitably the end product, this is macessarily true for the MDRT
mechanism, since the protein may be trapped imm@diate oligomeric states (Powers &
Powers 2003). Our kinetic data fits extremely wellith very low residuals) the
conventional MDT mechanism, in accordance with winas been postulated for many
other homotetrameric proteins. Thus, it can baraffd that the refolding mechanism of
WT- and V30M-TTR, at physiologically relevant pristeconcentrations, comprises a
single oligomeric intermediate, dimeric in natufighe formation of this intermediate
corresponds to the initial fast step representethéyinetic constarit;. This fast process
is followed by a slower step which probably corss to the final assembly of the
homotetramer, and it is represented by the kinatitstantk,. Moreover, the refolding
patterns obtained in urea gradient gel electrogm®rior WT and V30M-TTR are also
consistent with the presence of only one foldingrimediate (Jesus et al. 2013). If any
additional steps exist, such as dimer or tetraroafocmational rearrangements before the
native state is reached, they should be either ragigd and hence appear coupled to the
association process, or be spectroscopically silent

Despite the common refolding mechanism that WT- &8DM-TTR share,
refolding of the WT protein is significantly fastdxtrapolation of the refolding constants
to 0 M urea (Table 7.2) shows that the first stefhie refolding mechanism is 3 orders of
magnitude faster for WT-TTR, and the second stepnse than 40-fold faster. In
particular, the WT-TTR the refolding the rate oé tiirst step (Table 7.2) is comparable to

that of other tetrameric proteins forming a dimeniermediate (Mateu et al. 1999; Mehl
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et al. 2012).The differences in refolding rate ¢ants observed between TTR variants
translate in very significant differences in refalgl half-lives of approximately 113 ms for
WT-TTR and 132 s for its amyloidogenic variant V3AMIR, at WM. Furthermore, on a
qualitative basis, the results of urea gradiens g&ctrophoresis experiments also support
this conclusion since the refolding transition GOM-TTR observed in our study appears
to be slower than WT-TTR on the time scale of tleeteophoresis (Jesus et al. 2013). The
observed difference in refolding kinetics betweba two proteins is probably directly
coupled with the reduced conformational stabilitgfe V30M-TTR monomeric subunits,
as previously reported (Quintas et al. 2001). Tisisalso suggested by the urea
concentration dependence of the refolding assagsemdomplete refolding is observed for
WT-TTR at a higher urea concentration range tha’v/8M-TTR (Table 7.2). Knowing
that in most amyloidoses, amyloid deposition occexsracellularly, and might be a
consequence of unfolding - misfolding events, themslower refolding times presented
by the amyloidogenic variant V30M-TTR might be oftical importance for amyloid
formation in vivo. The slower rate at which tetramer assembly ocdors the
amyloidogenic variant, might facilitate the accuaiidn of monomers in the extracellular
environment, which could result in preferentialédin partition into aggregation pathways
instead of native refolding.

In conclusion, here we showed that, at physioldlyicaelevant protein
concentrations, the refolding pathway of WT-TTRdawf the amyloidogenic variant
V30M-TTR, follow a common mechanism observed amdagiameric proteins: 4
Monomers — 2 Dimers — Tetramer. We also show the assembly of the native
homotetramer is kinetically much more favourable foe WT protein than for the
amyloidogenic variant, despite their high three-@hsional structural similarity. Sincie
vivo, amyloidogenesis might be viewed as a questionrofejn stability and protein
unfolding followed by kinetic partition between oédfing and aggregation, the longer
refolding times observed for V30OM-TTR might increathe probability of formation of
non-native intermediate monomeric species pronaggregation, which in turn would
decrease the extent of native refolding. The difierrefolding times together with
different protein concentrations in distinct physgical states may be an important factor
to explain the selective formation of TTR amyloildrils, in different tissues by different

TTR variants.
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7.5 Future Work

In the present work, we have investigated the efthe amyloidogenic single
point mutation V30M on the rate of TTR folding. énéstingly, the significant differences
observed on the folding rates of both TTR variagpear to be of critical importance and
seem to be correlated with their propensity for lidyformation. Nevertheless, a wider
range of protein concentrations need to be invatdyin order to obtain evidences of the
dependence between rate constants and protein ricat@@n and further clarify the
presence of intermediates on the refolding pathway.

Clearly, specific mutations, such as V30M, playirmportant role and hamper the
TTR refolding reaction, but the link between thisdathe type or location of different
mutations needs further clarification. Careful camgon of refolding pathways of
multiple variants, such as the aggressive L55Rangrthe highly amyloidogenic mutation
Y78P- located in thei-helix, the variant V122I- which produces strongdiamyopathy
effects or even the T119M- mutation that is a v&@gble and non-amyloidogenic variant,
may help in the future to clarify the relation bewm protein folding and amyloid

formation.
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General Discussion & Conclusions

The detailed knowledge of the molecular mechanidmsng protein folding and
unfolding is essential to understand problems asrsé as the development of amyloid
diseases, protein function or protein structureligteon from gene sequences. The search
and identification of factors governing the acdiosi of the functional three-dimensional
structure of a protein from its linear sequenceawniino acids is one of the central
challenges in the field of biophysical chemistryr #nportant goal of protein folding is to
quantitavely predict the contributions of aminodasequence, pH, temperature, and salt
concentration to kinetics and thermodynamics ofpfeeein folding/unfolding process. To
achieve this goal it is of critical importance ttievelopment of new methodologies and
instrumentation. In the last decades, a new genaraf kinetic experiments has emerged
to investigate the mechanisms of protein folding tba previously inaccessible sub-
millisecond time scale. As a result, the earliestformational events related to folding,
such asf-hairpin andao-helix formation, occurring within microseconds less may be
now measured experimentally and interpreted. khrk, we proposed to use a pH-jump
methodology to trigger the folding/unfolding evertsupled with TR-PAC to monitor the
energetics and kinetics of pH-dependent foldingildig of peptides and proteins. Since
the protonation of amino acid residues in a polyipepchain is the earliest event in pH-
dependent unfolding/folding process, we first chtedzed in detail the protonation of
amino acid models. In a second stage, pH-deperdafrmational changes of a smail
helix peptide were studied and in a latter stagedtfiudies of TR-PAC were applied to
investigate the partial unfolding of a maimlyhelical protein.

Amino acids are found in all naturally occurringains or peptides, which play a
vital role in nearly all chemical and biologicabpesses. The structure, stability, solubility

and function of proteins depend on their net changé on the ionization state of the
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individual amino acids that constitute those prateiThus, it is of critical importance fully
understand the contribution of protonation readiamvolving ionizable amino acids in
protein folding. In the present work, the aminodaciodel compounds studied were Ac-
Glu-NH,, Ac-Asp-NH and Ac-His-NHMe, which represent two types of kalile side
chains. While in Ac-His-NHMe the proton-acceptingpgp is the uncharged imidazole
ring, in Ac-Asp-NH and Ac-Glu-NH the protonation occur on the negatively charged
carboxylic groups. The neutralization of amino aniddels, such as Ac-Glu-NHand
Ac-Asp-NH;,, involves the disappearance of two charges thatdéempanied by a volume
expansion of 3.7 ml mdl(6 A% for Ac-Glu-NH, and 6.2 ml met (1.0 A®) for Ac-Asp-
NH,, as determined by the two-temperature method ilPAR experiments. On the
contrary, protonation of the imidazole ring of A¢sHNHMe involves a volume
contraction of approximately -4.4 ml no7 A®) (two-temperature method). Slight
differences in the volume changes were observeawapplying the multiple-temperature
method. The bimolecular protonation rates of cayboxacids (2.5 x 16° M™'s?) and
imidazole (1.4 x 1M ™s") are significantly different, being the protonatiof imidazole a
slower reaction. In addition, our results have smdhat the presence of 100 mM NacCl
contributes for the reduction in the reaction voduahanges as well as in the protonation
rates due to an increase in the ionic strengthefsblution. Since the polypeptide chains
of proteins or peptides are formed by differenizable amino acid residues, mixtures of
Ac-Glu-NH, and Ac-His-NHMe at different concentration ratwwsre also studied. The
photoacoustic waves were analyzed using three gseseto distinguish the-NBA
photolysis and the subsequent protonation reactdrsc-Glu-NH, and Ac-His-NHMe.
Although the protonation of amino acid models sHook best characterized assuming
parallel reactions because the protons releasedNBA can bind to either Ac-Glu-NH

or Ac-His-NHMe, using theCPAC software and fitting to three sequential exporanti
processes it was possible to distinguish the patdiom of each amino acid model because
their kinetics are significantly different. In tHieture, we intend to further examine other
ionizable amino acids. Two other common ionizabi@n@ acids are lysine (Lys) and
arginine (Arg), using the laser-induced pH jump mled to TR-PAC to determine the
parameters associated with their protonation suchva@ume changes, enthalpy and
kinetics. Another interesting ionizable amino adcysteine (Cys), which is capable to
react with other cysteine in the protein polymdmst forming a disulfide bridge that

provides enhanced stability to the three-dimensisinacture of a protein.
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Since the discovery of significant helicity in th8 amino acid C-peptide from
RNase A,there has been a considerable amount of researcheliity of de novo
peptides. Peptides ranging from 12 to 30 residwe® been studied to understand the
interplay between side chain interactions, thexhdifpole, and the intrinsic helix-forming
ability of each amino acidn the present work, the folding kinetics of th@dhst peptide
sequence forming a-helix in an agueous solution has been a subjestunfy. RN80 is a
13 amino acid synthetic peptide analogue of theefitige from the protein RNase A. Our
NMR and CD results indicate that RN80 adoptsxamelical structure and undergoes pH-
dependent transitions upon protonation of Glu-2 and-12. Furthermore, these
techniques reveal that the pH-dependence curveN8DR-helix formation is bell-shaped
with a maximum near pH 5 and the main forces st this short peptide are the salt-
bridge formed between Glu-2 and Arg-10 andstkstacking interaction involving His-12
and Tyr-8. The protonation of His-12 is the maintéa contributing for the increase of
RNB8O helicity, because thestacking interaction between His-12 and Tyr-8tiergyer
when the imidazole is charged. On the other hahné, protonation of Glu-2 induces
a-helix partial unfolding due to the disruption dfet salt bridge between Glu-2 and
Arg-10. Thus, RN8O0 peptide contains two ionizabiere acid residues that seem to play
a fundamental role oa-helix formation, namely Glu-2 and His-12 and thgiotonation
correspond to the earliest event occuring in pHeddpnt conformational transitions.

Although using the prepulse pH 7.3, it was not flsgo identify a folding event
following the protonation of His-2 occuring on theanosecond time scale, the
photoacoustic waves recorded at pH 5.3 were wtdlfiusing three sequential exponential
processes. When the prepulse pH is 5.3, the plsigolf o-NBA is followed by the
protonation of Glu-2 residues, which is charactstizby a volume expansion of
3.0 ml mot* (6 A% and the bimolecular constari) yield a value of approximatelly
7 x 10 M*s™. This second process is concentration-dependeithvi$ consistent with
protonation reactions and the valuekgfs similar to that observed for carboxylic acids i
amino acid models such as Ac-Glu-pHn the presence of 100 mM NaCl. The third
process corresponds to a concentration-indepenaémine expansion of 0.77 ml mbl
(01.3 A’ and a lifetime of approximately 369 ns, repreisenan unimolecular process
related to thex-helix unfolding due to disruption of the salt lyé between Glu-2 and
Arg-10. The sign of volume change associated wighunfolding event due to protonation

of Glu-2 of RN8O is positive corresponding thusteolume expansion. It is likely that the
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volume change measured is representative of a woafmnal change in short peptides.
Preliminary photoacoustic measurements performedywes 0.5 MHz transducer allowed
the characterization of the RN80 folding upon pnattion of His-12. Our results suggest
that the folding of RN80 peptide is accompanied #&yvolume contraction of
approximately 6 ml mal ({10 A% and occurs within 1.5 and @s. In the future,
photoacoustic studies of other secondary strualements, such gsharpins, may be of
particular interest to investigate the effect adtpnation of ionizable amino acid residues
on the folding and stability gi-structures.

Bovine serum albumin (BSA) is a maindyhelical protein that was selected as a
system model to explorehelix unfolding in proteins upon protonation ohipable amino
acid residues. BSA is a highly charged protein wittre than 180 charges at pH 7, among
them 39 aspartic acids and 59 glutamic acids adéngoes pH-dependent conformational
transitions upon a decrease in pH. However, ortp&tion of carboxylic acid side chains
are solvent exposed and have pikg between pH 5 and 4. Using the two-temperature
method and a 2.25 MHz transducer, our results suidggat at least 6 Asp or Glu residues
are protonated. Although no unfolding event medsaraithin the nanosecond time scale
was detected, preliminary TR-PAC results on therosiecond time scale allowed the
identification of a slow unfolding event characted by a lifetime within 1 to 1.@s that
leads to a volume expansion of 2.3 ml (8.8 A%). Interestingly, our results have shown
that the protonation of Asp and/or Glu residuesugad unfolding events that are
characterized by a volume expansion not only inpgteein BSA, but also in the RN80
peptide. In the future, other proteins with smafetypeptide lengths exhibiting a pH-
dependent folding/unfolding profile will be seledtéo explore the kinetics and volume
changes upon protonation of Asp and Glu residussaexample, human interleukin-4
(IL-4) undergoes a partial unfolding transitionletv pH, losing a small fraction adi-
helical content (Redfield et al. 1994).

Abnormal protein aggregation into highly structurelijomers and insoluble
fibrils, known as amyloid, is the hallmark of sealeneurodegenerative diseases, such as
Alzheimer’s disease, and Parkinson’s disease. Eleodegenerative amyloid pathology
Familial Amyloidotic Polyneuropathy (FAP) is a paheral neuropathy with a high
mortality rate which is characterized by extradeluweposition of amyloid fibrils mostly
constituted by variants of transthyretin (TTR). Amst TTR variants, V30M is the most
prevalent amyloidogenic variant and L55P vyields thest aggressive symptoms. It is

known today that amyloid formation by TTR is preeédoy tetramer dissociation and
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partial unfolding of the resulting low stability momers. Thus, multiple physico-chemical
factors, chief among them, tetramer dissociationetits, monomer conformational
stability, and aggregation kinetics do play a catirole in TTR amyloidogenesis.
Accordingly, the characterization of potential difnces in the folding kinetics of WT-
TTR and some of its variants may provide importdoes for the understanding of how
different TTR variants have different amyloidogepatentials and target different tissues.
In the present work, low protein concentrationghimithe range observed in physiological
conditions, were used in order to compare the defgl kinetics of WT- and its
amyloidogenic variant V30OM-TTR and understand holdihg rates may affect the TTR
amyloidogenic potential. Here we showed that, aysjatogically relevant protein
concentrations, the refolding pathway of WT-TTRdaof the amyloidogenic variant
V30OM-TTR, follow a common mechanism observed amdatfameric proteins: 4
Monomer— 2 Dimers— Tetramer. We also showed that the assembly omh#iwe
homotetramer is kinetically much more favourable foe WT protein than for the
amyloidogenic variant, despite their high threesional structural similarity.
Interestingly, the significant differences observen the folding rates of both TTR
variants appear to be of critical importance areihrs& be correlated with their propensity
for amyloid formation. V30M-TTR monomers seem tovdiaa significantly lower
tendency to refold and thus aggregation-prone memicmconformations may be

favoured.
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Photoacoustic waves of the amino acid

model compounds
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Figure A.1: Photoacoustic waves generated after laser irradiatbtained using the
two-temperature method. The signals from theaBBo-NBA are represented by closed
circles and open circles, respectively. The sigoflthe amino acid model compound
Ac-Glu-NH,, at different concentrations and in an aqueoustisol containingd-NBA,
are shown as solid lines. The BP signal was medsatré;.o = 6.0°C, while the signals
from 0-NBA and Ac-Glu-NH were measured atzJ, = 3.0°C. The value of the prepulse

pH used for solutions of Ac-Glu-NHvas 5.3.
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Figure A.2: The photoacoustic wave generated by laser irradiatf 500uM Ac-Glu-
NH, in an aqueous solution containiogNBA, at prepulse pH around 5. The BP signal
is represented by filled circles and the signairfrthe Ac-Glu-NH is represented by
open squares. The fit derived from the deconvatuisorepresented by the red line. The
overall fit correspond to the summation of two cament waves, which are associated

with the fast contraction ad-NBA and the protonation reaction, represented teeigy
and blue lines, respectively.
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Figure A.3: Simulation of the component waves associated vii¢hhotolysis ob-
NBA and the protonation of Ac-His-NHMe at differecbncentrations. The simulated
waves for 60QuM and 2 mM were obtained from experimental datajevg = -0.9 and
T,= 100 ns are hypothetical values. The BP signadpsesented by filled circles and the
simulated wave foo-NBA derived from the results of the deconvolutismepresented
by open squares. The solid lines represent thelaietuwaves for the protonation of
Ac-His-NHMe. The overall sample signal observed'R-PAC (Ac-His-NHMe in the
presence 0d-NBA) correspond to the summation of both simulatechponent waves.
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Figure A.4: Arrhenius plot for the protonation of Imidazole QUGuM), at prepulse pH
7.8. The activation energyef) and frequency factors for each reaction werevddri
from the linear relationship (solid line) of thegaconstants as a function of 1/T (see

Equation 4.6) and are reported in Table 4.3.
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NMR structure of the RN8O peptide

TableB.1: *H-NMR assignments* of RN80 in 100 mM NacCl, at pt6 and 3.0 °C.

HN He HP Others
Alal 8.15 3.91 1.12
Glu2 8.36 4.08 1.76/1.66 ©° 2.01
Thr3 7.87 3.98 4.21 A 0.99
Alad 8.37 3.84 1.15
Ala5 8.15 3.92 1.07
Ala6 7.79 3.85 1.18
Lys7 o 1.34
7.97 3.69 1.50 HZTE > 6
Tyr8 7.86 H31e 6.77
4.05 282 |k 63
HY 1.50
H™?7® 1.32/1.42
Argl10 7.68 3.84 1.97  H¥® 2.91
He 7.4z
Alall 7.65 3.89 0.99
: H #4 8.08
His12 7.69 4.26 2.5212.97 i 672
Alal3 7.70 3.97 1.12

-NH2 7.38/ 6.87
* Chemical shift values are in ppm referenced fros@Hdt 4.69 ppm.
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Table B.2: *H-NMR assignments* of the RN80 in 100 mM NacCl, bt .8 and 3.0 °C.

HN H® HP Others
Alal 8.16 3.92 1.07
Glu2 8.34 4.17 1.68/1.84 H©* 2.21
Thr3 7.78 3.98 4.14 H 0.98
Alad 8.33 3.86 1.14
Alas 8.12 3.90 1.12
Alab 7.82 3.98 1.13
H52/53 133
Lys7 7.95 3.71 1.48 Hgl/az 730
Tyr8 7.84 H 6.79
y 4.09 2.75/2.83 oz 6 3¢
HY 1.46
Leu9 7.85 3.87 134 o 0.6
Hr2h3 1.34/1.43
Argl10 7.76 3.85 1.55 R 2.92
He 7.0C
Alall 7.70 3.89 0.99
el/e2
His12 7.81 428  2.62/2.99 Em 2:5
Alal3 7.80 3.96 1.11

-NH2 7.41/ 6.87
*Chemical shift values are in ppm referenced frosDtt 4.69 ppm.

Table B.3: *H-NMR assignments* of RN80 in 100 mM NacCl, at pH &nd 3.0 °C.

HN He HP Others
Alal 8.32 3.96 1.07
Glu2 8.40 4.19 1.65/1.76 ®* 2.00
Thr3 7.92 4.41 4.16 H 0.99
Alad 8.45 4.32 1.14
Ala5 8.17 3.91 1.13
Ala6 7.85 4.35 1.15
Lys7 7.95 3.73 1.42 pgos 1.35
Tyr8 7.79 o2 6.80
4.11 278 |k 6.4
HY 1.45
Leu9 7.91 4.30 132 o 0.6
HY23 1.33/1.39
Argl0 7.83 4.49 1.51  H%*M 2.92
H 7.32
Alall 7.78 4.39 0.99
gl/e2
His12 7.62 460 2561289 o o
Alal3 7.77 3.37 1.10

-NH2 7.29/ 6.87
* Chemical shift values are in ppm referenced fros@ldt 4.69 ppm.
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Table B.4: Three-bonddn, coupling constants for RN80 in 100 mM NacCl, infeliént pH
conditions and 3.0 °C.

SJnmo | Hz
residue pH 3 pH5 pH 8
Alal 7.15
Glu2 7.63 6.10 8.12
Thr3 7.28 6.22 8.17
Alad 511 5.19 7.96
Alab 6.82 7.02 7.95
Alab 5.02 4.46 7.27
Lys7 4.99 4.94 8.00
Tyr8 7.12 5.11 7.85
Leu9 8.31 5.52 7.88
Argl0 8.57 5.92 7.09
Alall 8.95 5.85 8.02
Hisl2 5.81 4.82 8.31
Alal3 6.94 7.41
1AIaH\ > Leu‘ " el - ™ Hi?R;’_z B e
PN HE gty i e P N
3H"<(::“{—C”(H”)3 ~—Ch (}-,_ HY —& tvs"—cgo‘ - o AH1), - %”‘CECL Ezl
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HE W2 HY e W) Tw v': TM ;‘l} ) TM :/C"lc\{\'ﬂ
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r(i:) HO HE E ) R) R) Ry Yy
HALL Hni2
@ (€

Figure B.1: Recommended atom identifiers following the 196®AC-IUB guidelines for the
eight amino acids present in the sequence of RN88pted from Markley et al. (1998).
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Figure B.2: NH-aliphatic region of the TOCSY spectrum of 3mM &Nin 90% HO / 10%
D,O containing 100 mM NacCl, at pH 5.6 and 3.0°C. \iitlial spin systems are identified by
the standard three-letter amino acid code and #wmential numbers in the amino acid
sequence.
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Figure B.3: (A) *H-NMR spectra of 3 mM RN80 in 90%,8/ 10% DO containing 100 mM
NaCl, at different pHs and 3.0 °C. All spectra weztsrenced to the solvent signal (marked
with an *). (B) Expansion of théH-NMR spectra showing the aromatic and amide region
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Transthyretin refolding mechanism

Although homotetrameric proteins can assemble &yeral pathways, it is
frequently observed the MDT mechanism in which twwonomers associate to form a
homodimer, and then two homodimers associate tm farhomotetramer (Powers &
Powers 2003).

Several protein refolding reactions are initiateahf the unfolded and monomeric
state of the protein (often by dilution from higbncentrations of denaturants such as urea,
guanidinium hydrochrolide or guanidinium thiocyasid Here, TTR refolding kinetics
curves were constructed monitoring the variationnininsic tryptophan fluorescence at
380 nm, upon protein dilution into 20 mM sodium ppbate buffer, 150 mM sodium
chloride, pH 7.0, to the desired urea and protemcentrations, at 25°C. It is worth to note
that no kinetically significant, unimolecular fotdj or reorganization steps, such as
proline isomerization (Bodenreider et al., 2002yvén been observed. Moreover, more
complex folding pathways involving more than onéeimediate such as dimers and
trimers (MDRT mechanism) is also minimized at lovotpin concentrations (Jaenicke
1987) (Powers & Powers 2003).

The simplest best-fitting and more likely kineticodel for the refolding and

assembly of the TTR tetramer was found to be alsi2ystep mechanism:

2M Denatured N h -D (C.l)

2D 0 - Tyaive (C2)

whereM, D andT correspond to monomer, dimer and tetramer, reispedct The system

of differential equations associated with this nadbm is:
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% =2k [M]? (C3)

A0l e -2, o] c4
% =ke[D]* (C5)

where the brackets indicate the molar concentratiothe enclosed species and the
time in seconds. Conservation of mass dictatesGad[T] + 2[D] + [M], whereC is the
total concentration of protein subunits. Since we aoncerned with homotetramer
assembly starting from a pool of unfolded monomis,initial conditions areM]-o = C
and PJw=o = [Tl=o = 0. Assuming these considerations, the differémtipiations were
solved and simplified using the progréathematica 4.2 (Wolfram Research, Inc., USA)
to obtain the concentrations idf, D andT over time.

The concentration oM over time can be determined solving the diffegdnti
Equation C.3 and assuming thit][., = C:

fc[;M] ([1'\[/:\?2] = ‘Zklf; dt (C.6)

L[;M - [M1]2 d[M] =2kt (C7)
{ y I = 2kt (C8)
ﬁ] -2 =2 (C9)
['V']=C><(1+ 21Ck1tj (C.10)
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Considering thatNl]=o = C and PJ=o = 0, and using Equation C.lQhe

concentration oD over time was determined by solving and simplifythe differential

Equation C.4:
d[D] 1\
—=l-k|cx - 2k,[DJ? (C.11)
dt 1+ 2Ck;t
1 1 1+2%2
Cx x| 1- !
e

[D]= (C.12)

1+ Zk—z
e

1+ 1e2ke [« 1 1+ J1+2%2

Using theconservation of mass assumption and Equation @e&yalue of T]

over time can be determined through the followiggations:

[T] _C-ml-2p] (C.13)

4
1 1 1+2IT
2xCx x|1— !

[1+ 2Ck1t] [1+ ZCkltJ

M= c-cx| ——|- (C.14)
4 1+ 2Ckit \/m'g
1+ 142K x| 2 “ 14 f1e2ke
The time course of fluorescence change was desdopéhe equation:
I (©) = fy [M]+ 5 [D]+ £ [T] (C.15)

wherel; (t) is the observed fluorescence intensity at tipaadfr, fp andfy, are the specific
fluorescence intensities @f D andM, respectively. The concentrationfD andM ([T],

[D], [M]) were obtained from equations C.14, C.12 and Cr&8pectively. The rate
constants; andk, were obtained by fitting Equation C.15 to the datsing nonlinear

least-squares analysis, and the software packagginPro7 (OriginLab Corporation,
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USA). The final values df; andk, were refined until no further significant improvent

to the fit was observed by evaluating the distrgrubf the residuals.
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