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SUMMARY

The purpose of the thesis entitled “Using small globular proteins to study folding
stability and aggregation” is to contribute to understand how globular proteins fold
into their native, functional structures or, alternatively, misfold and aggregate into
toxic assembilies.

Protein misfolding diseases include an important number of human disorders such
as Parkinson’s and Alzheimer’s disease, which are related to conformational changes
from soluble non-toxic to aggregated toxic species. Moreover, the over-expression of
recombinant proteins usually leads to the accumulation of protein aggregates, being a
major bottleneck in several biotechnological processes. Hence, the development of
strategies to diminish or avoid these aberrant reactions has become an important
issue in both biomedical and biotechnological industries.

In the present thesis we have used a battery of biophysical and computational
techniques to analyze the folding, conformational stability and aggregation propensity
of several globular proteins. The combination of experimental (in vivo and in vitro) and
bioinformatic approaches has provided insights into the intrinsic and structural
properties, including the presence of disulfide bonds and the quaternary structure,
that modulate these processes under physiological conditions. Overall, the data
illustrates how the establishment of native-like contacts providing folding
intermediates, native structures or protein interfaces with significant thermodynamic
stability is a crucial process both to drive protein folding and to compete toxic

aggregation.
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INTRODUCTION

1. - PROTEIN FOLDING

The process by which a polypeptide chain acquires its three dimensional native
structure is denominated protein folding. After the amino acidic chain synthesis in the
ribosome, local and long-range intramolecular interactions drive the folding process.
The main forces leading to the attainment of the secondary and tertiary structure are
hydrogen bonds, electrostatic interactions and hydrophobic forces. The native
conformation is constituted by a large number of dynamic states, which display
different but energetically proximal minimums. The fluctuations between these
species provide flexibility, indispensable for protein functional activity under
physiological conditions. Understanding the molecular basis of protein folding and
unfolding has become a key topic in biology because mistakes in the acquisition or
maintenance of the native state are being found linked to an increasing number of

fatal diseases (Chiti and Dobson, 2006).

1.1 - First insights

In the early 1960s, Christian B. Anfinsen and co-workers studied the in vitro
refolding of Ribonuclease A (RNase A), demonstrating that the amino acid sequence
suffices to encode its three-dimensional structure (Anfinsen et al., 1961). The native
state was proposed to be the most stable structure under physiological conditions and
thermodynamics the main determinant of the folding process. Later on, Cyrus
Levinthal illustrated how the acquisition of a particular structure by a random search
would need astronomic time periods, considering the large number of possible
conformations that the polypeptide should sample (Levinthal, 1968, Zwanzig et al.,

1992). This argument leaded the search of folding pathways in the forthcoming years.

1.2 - Folding intermediates and folding pathways

Many efforts have been focused on the characterization of folding intermediates
monitoring protein structural changes. Promoting jumps in the folding and unfolding
reactions makes it possible to identify the folding model for a given protein. For
instance, a protein follows a “two-state” model when only the unfolded or the native

state are present at any point of the folding reaction. When partially folded
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conformers are populated along the folding reaction, they can correspond both to on-
pathway or off-pathway intermediates, depending if they can achieve the native
structure or remain trapped in an energy minimum.

Several studies have revealed that folding pathways could be guided by specific
native-like interactions directing polypeptide chains towards the acquisition of the
lowest energetic structure (Daggett and Fersht, 2003). The “nucleation-growth” model
proposed that secondary structures are propagated rapidly towards tertiary contacts
leading to the acquisition of the native structure, but this mechanism didn’t take into
account the presence of folding intermediates (Wetlaufer, 1973). The alternative
“framework-model” postulated secondary structures as the first formed elements. The
native form may be achieved then by docking the secondary structures (Kim and
Baldwin, 1982, Kim and Baldwin, 1990, Karplus and Weaver, 1976). The last proposed
model was that based on the “hydrophobic collapse”, in which hydrophobic forces
promote a rapid compaction of the structure, reducing the conformational search
towards the native structure (Baldwin, 1989). Finally, the “nucleation-condensation”
model that combines the framework and the hydrophobic collapse mechanisms was
proposed. A general hydrophobic collapse might promote the formation and
stabilization of partially formed secondary and tertiary structures, leading to the
formation of a collection of conformers named as the “molten globule” states (Fersht,
1995, Itzhaki et al., 1995, Fersht, 1997). This partly organized globular intermediate is
observable at least in some proteins. Its acquisition is usually extremely fast (few
milliseconds), which results in a structure less compact than of the native state.
Therefore, the molten globule has to be considered as a collection of divergent
structures which can rapidly interconvert. The unique functional form is reached

slowly, involving the formation of native and proper packing interactions.

1.3 - Energy and kinetic diagrams

Overall, protein folding is a process controlled by thermodynamic and kinetic
parameters. Interactions controlling the formation of secondary and tertiary structure,
such as hydrogen bonds, electrostatic and hydrophobic forces turn folding into a
thermodynamically favorable process. The free energy profiles show the acquisition of

the native structure from its unfolded ensemble via a transition state ensemble,
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resulting in a global decrease on the free energy of the system (figure 1A). A two-state

system can be described by the following equation:

kg
U<k—>N
where the equilibrium constant and the free energy associated are defined as;
k,, = m = k—F; AG,_, =—RTInk,

"l K ’

Entropic and enthalpic contributions determine the free energy of the system

according to the following equation:

AG,_, = AH —TAS

The entropic contribution to folding is generally unfavorable because the
attainment of a single ordered structure implies the loss of many initially unstructured
conformations. However, the hydrophobic effect reduces the entropic penalty for
folding, since water molecules, ordered around hydrophobic residues exposed to
solvent in the unfolded ensemble, gain entropy upon folding.

Favorable enthalpic terms include the formation of stabilizing native interactions,
such as electrostatic effects, hydrophobic forces, hydrogen bonds and van der Waals
interactions.

The thermodynamic stability of a polypeptide is defined by the total energy
difference between the native and the denatured state (AGy.y) (figure 1A). Energetic
barriers for folding (AGrs.y) and unfolding (AGy.ts) determine the free energy value,
which usually ranges between 5 and 15 kcal/mol. This marginal stability is biologically
very important, because living systems must regulate protein concentrations according
to cellular requirements and several protein functions require structural flexibility.
Proteins, under natural selection, are expected to have evolved an optimal stability to
perform their function in cellular environments (Doig and Williams, 1992).

The time scale of protein folding may range from milliseconds to hours. In the
framework of the Levinthal’s paradox this means that the folding process must be
directed in some way through a kinetic pathway to avoid a large number of irrelevant
conformations. The folded state is kinetically trapped in a local free energy minimum,
and separated from the unfolded ensemble through the unfolding activation barrier.

Kinetic parameters associated to the folding process may be studied using the
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stopped-flow technique, which allows monitoring unfolding and folding reactions and
calculating their rates.

Thus, for two-state folding proteins the observed rate constant can be calculated
as:

k, =k, emrlPh | ke L))

where ki and ky are the rate constants at different denaturant concentrations ([D])
for folding and unfolding reactions, respectively. The logarithm of kgps is assumed to
depend linearly on the denaturant concentration, resulting in the slopes mg and my,

known as the kinetic m-values (figure 1B).
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Figure 1. A Simplified energy diagram. The unfolded species (U) attain the native state (N) after reaching the transition state (TS), a
maximum free energy state. The Gibbs energy (AGy.y) is the difference between the energetic barrier for unfolding (AGy.1s) and the
energetic barrier for folding (AGrs.y). B Schematic Chevron plot diagram. The circles represent the experimental ko5 at different
concentrations of denaturant. The Cy value is the denaturation midpoint. kFHZO and kUHZO are the folding and unfolding rates in the
absence of denaturant, respectively. The slopes of the respective folding and unfolding regions are the known kinetic m-values: m¢

and my.

1.4 - Energy landscapes

During protein folding, polypeptide chains adopt a large number of different
conformations since, apart from backbone flexibility, each residue is able to adopt
different dihedral angles in unfolded or partially folded conformations. The ensemble
of structures populating the folding reaction can be represented using energy
landscapes (figure 2). These three dimensional diagrams consider the energies and
entropies of multiple states, showing the most thermodynamically stable or

metastable conformations as energetic minimums in the lanscape.
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The establishment of specific native-like intramolecular contacts canalizes the
formation of on-pathway partially folded intermediates and thus the attainment of the
native structure. By contrast, the formation of non-native intermolecular interactions
can promote the appearance of amorphous and fibrillar aggregates, corresponding to

competing strong energetic minima.
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Figure 2. Energy landscape for protein folding and aggregation. Driving forces towards the acquisition of the native state are
intramolecular interactions, whereas intermolecular contacts allow the formation of toxic species, achieving thermodynamic

minimums that are more stable than the native structure (Jahn and Radford, 2005).

The shape of energy landscapes depend on the polypeptide sequence and
environmental factors. For small proteins, these landscapes are funnel-like since they
have a reduced number of denatured conformations promoting an efficient and rapid
acquisition of the native structure through unstable transitions states of higher energy.
By contrast, larger proteins acquire a wide range of non-native populating species,
which can achieve the folded state through metastable intermediate states with local
low energy minima.

Stopped-flow approaches combined with computer simulations have allowed
studying the transition states of folding of different model proteins (figure 3). Usually,
transition states show a native-like fold where most of the hydrophobic residues are

buried in the core of the structure. The acquisition of the transition state represents
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the rate-limiting step, since a relative large energetic barrier must be overcome. Then,

the folded state should be easily reached (Dinner and Karplus, 1998).
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Figure 3. Energy landscape derived form computer simulation of a simplified model of a small protein. The multiple denatured
conformations are funneled towards the acquisition of the native structure. In this case, the transition state is the barrier that

almost all the proteins must overcome to achieve the native fold (Dobson, 2003).

1.5 - Disulfide bonds and protein folding

The role of disulfide bridges in protein folding has been largely studied using the
RNase A as a disulfide protein model. The process by which a protein attains its native
disulfide bonds (disulfide-bond regeneration) and its native structure (conformational
folding) is named oxidative folding. However, pairing between cysteines is a complex
process where oxidation, reduction and disulfide reshuffling (when a disulfide bond is
attacked by a thiolate group of the same protein) might compete inside the cells
(Wedemeyer et al., 2000). In eukaryotic cells, disulfide bond formation occurs in the
endoplasmatic recticulum before the transport of most extracellular and membrane-
bond proteins. Intracellular disulfide-containing proteins are rarer because the cytosol
tends to be a reducing environment. Disulfide formation in vivo is catalyzed by
specialized enzymes, such as the protein disulfide isomerase (PDI), which catalyzes
internal disulfide exchange to remove scrambled intermediates with incorrectly

bonded disulfide bridges.
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This covalent interaction offers several important advantages for protein folding
reactions (Wedemeyer et al.,, 2000). First, the oxidation and reduction of a disulfide
bridge follows a two-state mechanism and is a localized and structural change in the
polypeptide chain. Second, disulfide bonds stabilize significantly proteins, because the
conformational fluctuations of the unfolded ensemble and the associate entropy are
strongly reduced (Poland and Scheraga, 1965, Pace et al., 1988, Arolas et al., 2005b,
Lin et al., 1984). Actually, a good strategy to increase protein stability is crosslinking
sequentially distant regions of a polypeptide chain (Grana-Montes et al.). The stability
provided by disulfides is especially important for protecting secreted proteins from the
oxidant and proteolytic external environment, thus preventing their inactivation and
increasing their half-life (Zavodszky et al., 2001). And third, the folded state is in many
cases enthalpically stabilized through favorable local interactions, for instance by
stabilizing the packing of a local cluster of hydrophobic residues. Disulfide bonds are
commonly buried in local hydrophobic regions protecting them from redox reagents
and thiolate groups of the protein itself, which might suggest a strong cooperativity
between local and global folding.

Overall, disulfide bridges provoke well-known chemical and structural changes,
allowing us to use them as good reporters of folding pathways. Oxidation and
reduction reactions are useful strategies to study disulfide folding mechanisms, since
folding intermediates can be chemically trapped by alkylation or acidification, and
structurally characterized (Creighton, 1990, Narayan et al., 2000). The irreversibly
alkylation approach usually promotes harmful steric effects on the conformation of
folding intermediates. On the contrary, quenching by acidification has become the
standard trapping method, because of the rapidly isolation of unmodified
intermediates. The subsequent separation procedure includes many chromatographic
and electrophoretic methods. The most useful technique for separating acid-trapped
intermediates is the reversed-phase high-performance liquid chromatography (RP-
HPLC). When chemical quenchers are used, the increase in molecular weight can be
monitored by mass spectrometry (MS). Finally, disulfide pairing of the intermediates is
analyzed by digestion with endopeptidases that allows obtaining the peptide mass

fingerprints.



INTRODUCTION

In oxidative folding experiments in vitro, the protein is placed under denaturing
and reducing conditions. Then, the sequential disulfide-bonds formation is promoted
in removing both chaotropic and reducing agents. Monitoring disulfides regeneration
can be performed in the absence or presence of redox agents (Chatrenet and Chang,
1993). Oxidative and reductive reagents increase the efficiency of the oxidative folding
process, and promote disulfide reshuffling allowing intermediates to attain the native
disulfide connectivity. Different redox conditions can be used to modify refolding rates
and folding efficiencies, remaining the folding pathways unaffected, as demonstrated
in the case of hirudin protein (Chang, 1994).

Reductive unfolding assays are used to provide information about the stability of
disulfide bonds and their degree of exposition to the reductive environment. Native-
disulfide proteins are treated with different concentrations of reducing agent, allowing
us to calculate thermodynamic values from their reductive rates. Disulfide scrambling
is a recent methodology allowing determination of stability toward chemical
denaturants that, in the presence of a thiol reagent, promotes the appearance of a
variety of scrambled species which contain the same number of native disulfide bonds
but mainly non-natively connected. The called “des species” are intermediates that
lack one disulfide bond and comprise native disulfide-bond pairings and native-like
structures.

The use of stop/go folding experiments offers the opportunity to examine and
compare the properties of isolated intermediates (Chang, 1993). This approach also
allows evaluation of their kinetic roles in folding pathway. Importantly, disulfide
folding intermediates can be characterized structurally because in most cases, are

stable and can be isolated.

1.6 - Folding pathways of small disulfide proteins

The folding and unfolding pathways of a large number of disulfide-rich proteins
have been characterized (Arolas et al.,, 2006b, Mamathambika and Bardwell, 2008).
Surprisingly, a high diversity of folding pathways exist, especially for small disulfide-
containing proteins (Arolas et al., 2006a, Chang and Ventura, 2011) (figure 4).

These data reveals how difficult is to predict the folding pathways from the

primary sequence, as in the cases of tick anticoagulant peptide (TAP) and bovine

10



INTRODUCTION

pancreatic trypsin inhibitor (BPTI), two proteins displaying the same fold and with the
same disulfide connectivity but exhibiting stricking different oxidative folding pathways

(Weissman and Kim, 1991, Chang, 1996, Chang and Li, 2005).
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Figure 4. Comparative folding of small disulfide-rich proteins. R and N indicate the reduced and native forms, respectively. 1S, 2S5,
3S and 4S are ensembles of molecules with the corresponding number of disulfide bonds. “Des species” are indicated with the

prefix “des” and the missing disulfides are between parentheses (Arolas et al., 2006a).

Oxidative folding pathways are characterized by: (1) the heterogeneity of
intermediate species populating the folding reaction; (2) the frequency of folding

intermediates containing native disulfide bonds and native-like structure; and (3) the

11
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presence of fully oxidized scrambled species displaying two non-native disulfide bonds.
Two extreme models exist: proteins that fold through folding intermediates containing
exclusively native disulfides; and proteins that fold through fully oxidized scrambled
isomers or mostly non-native disulfide intermediates (Chang, 2004, Chang, 2008).

BPTI is the first and the best characterized model of small disulfide-rich protein. Its
folding pathway contains a limited number of intermediates with mostly native-like
structures and native disulfide connectivity. (Creighton, 1990, Creighton and
Goldenberg, 1984, Weissman and Kim, 1991, Weissman and Kim, 1992, Dadlez, 1997).
The folding behavior of proteins sharing this property is described as BPTI-like. This is
the case of leech-derived trypsin inhibitor (LDTI), a protein that binds tightly to a
human trypsin-like serine proteinase involved in allergic and inflammatory diseases.
This 46-residue protein contains three disulfide bonds and folds through a sequential
oxidation of its cysteine residues. Similar to the BPTI case, only five of the 74 different
possible intermediates are accumulated in the folding pathway (Arolas et al., 2008).
The initial oxidation of one of the LDTI disulfides provides an ensemble of one-difulfide
(1S) intermediates that preferably contains a native disulfide bond linked to secondary
structure elements, B1l- and B3-strand (Pantoja-Uceda et al., 2009). The further
oxidation (of 1S intermediates) results in only three 2S folding species, all of them
presenting native disulfide bonds. Surprisingly, only one of the three 2S is able to reach
the native structure. This data suggest a tight association between the formation of
native disulfides and conformational folding in BPTI-like proteins. Moreover, the
simplicity of the conformational landscape provokes an efficient and fast folding
process.

In contrast to LDTI folding pathway, hirudin protein is characterized by folding
through scrambled isomers, without any preferential accumulation of folding
intermediates (Chatrenet and Chang, 1992, Chatrenet and Chang, 1993, Chang, 1994).
This thrombin inhibitor 64-residue protein folds into two structurally different
domains: the N-terminal globular domain, which contains three disulfide bonds; and
the disordered C-terminal domain (Folkers et al., 1989, Rydel et al., 1990, Grutter et
al., 1990). Hirudin-like proteins are characterized by an initial unspecific packing of the
structure, and a final stage in which the collapsed structures acquire the native

structure. The first step involves a sequential oxidation of hirudin-free cysteines and

12
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multiple disulfide reshuffling reactions resulting in 1S, 2S and 3S-scrambled isomers.
Mainly 3S-scrambled intermediates with at least two non-native disulfides are
accumulated in the folding reaction. Differing from BPTI-like proteins, the oxidative
folding of hirudin-like proteins follows apparently a “trial-and-error” process where
scrambled isomers act as major kinetic traps, resulting in a slow and inefficient folding
mechanism.

The epidermal growth factor (EGF) is one of several proteins displaying both BPTI-
like and hirudin-like mechanisms. EGF is a 53-residue protein containing three disulfide
bonds that stabilize three different loops (Montelione et al., 1992, Ogiso et al., 2002).
The initial step of its folding pathway comprises the formation of a heterogeneous
ensemble of 1S intermediates (Chang et al., 2001), which transforms rapidly into a
single and predominant two native-disulfides intermediate. One should expect it to be
easy the further oxidation of the third native disulfide, however, scrambled isomers
are an obligatory step before reaching the native functional form. This last step
constitutes the major rate-limiting step, decreasing the efficiency and velocity of the
folding reaction. Similar to EGF, the oxidative folding pathway of leech
carboxypeptidase inhibitor (LCI) undergoes a sequential flow through 1- and 2-disulfide
intermediates that rapidly accumulate as two predominant 3-disulfide intermediates
with native disulfide pairings. These two species act as the major kinetic traps, which
need structural rearrangements through the formation of 4-disulfide scrambled

isomers to attain the native structure (Salamanca et al., 2003, Arolas et al., 2004).

2. - PROTEIN MISFOLDING AND DISEASE

During the folding process, failures in the acquisition or maintenance of the native
structure have important consequences, in many cases leading to cellular toxicity.
These pathological conditions are generally named protein misfolding (or protein
conformational) diseases (Chiti and Dobson, 2006).

Partially folded species expose to the solvent regions that are buried in their native
states, which allow the establishment of non-native intermolecular interactions

leading to protein deposition. Organisms have developed quality control mechanisms

13
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to prevent misfolding, such as chaperone-assisted folding or degradation through
ubiquitin-proteasome pathway. Generally, failures in these strategies lead to dramatic
effects for living organisms. More than forty human conformational diseases are
related with the formation of intracellular and/or extracellular amyloid-like aggregates.
These disorders can be classified into three groups depending on the localization of the
aggregates: neurodegenerative amyloidoses, in which aggregation occurs in the brain
(Parkinson’s and Alzheimer’s disease); non-neuropathic localized amyloidoses, in
which aggregation occurs in a single type of tissue other than the brain (tipus Il
diabetes); and non-neuropathic systemic amyloidoses, when aggregation occurs in
multiple tissues (Lysozyme and Amiloyd Light-chain amyloidoses) (Chiti and Dobson,
2006). The origin of these illnesses is mainly sporadic (85%) and less frequently
hereditary (10%). However, it is known that 5 % of these diseases can be transmissible

between mammals, as spongiform encephalopathies.

3. - PROTEIN AGGREGATION AND AMYLOID FIBRILS FORMATION

3.1 - Amyloid fibrils

Aggregating proteins and peptides involved in conformational diseases display
different structural states in solution, ranging from globular to totally unstructured
conformations. However, the fibrillar structures characteristic of many of their
aggregates share common morphological features. For instance, amyloid fibrils present

I o"

a typical “cross-B” X-ray fiber diffraction pattern corresponding to highly ordered
structures where intermolecular B-sheets are perpendicular to the fibril axis (figure 5).
The molecular details of fibrillar structures can be accessed using High-Resolution
Solid-State nuclear magnetic resonance (ssNMR) (Petkova et al., 2002, Ritter et al.,
2005). Transmission electron microscopy (TEM) and atomic force microscopy (AFM)
allow to visualize fibrillar aggregates in vitro, revealing that fibrils are usually
composed by a group (2-6) of protofilaments each about 2-5 nm of diameter.
Protofibrillar structures with spherical conformation have been also observed for

several proteins such amylin (Kayed et al., 2004), B2-microglobulin (B2m) (Gosal et al.,

2005) and acylphosphatase from Sulfolobus solfataricus (Sso AcP) (Plakoutsi et al.,

14



INTRODUCTION

2004). Besides, amyloid-like aggregates have the capability to bind specific dyes such
Thioflavin-T (ThT), increasing its intrinsic fluorescence, and Congo red (CR), promoting

a red-shift in its absorption spectrum.

Figure 5. A Electron micrograph of URN1-FF amyloid fibrils. B X-ray diffraction pattern of SUP35 fibres, adapted from Makin 2005.
C GNNQQNY amyloid structure obtained by X-ray diffraction, ribbon diagram showing the pair of cross-p sheet spine (backbones

are showed in arrows and sidechains by ball-and-stick structures, PDB 1YJP) (Nelson et al., 2005).

3.2 - Functional fibrils

The conversion of some polypeptide chains into fibrillar species has functional
purposes in living systems. Curlin protein of Escherichia coli is used to colonize inert
surfaces and mediate binding to host proteins (Barnhart and Chapman, 2006,
Chapman et al., 2002). Another example is the filamentous bacterium Streptomyces
coelicolor which produces aerial hyphae leading to the efficiently dispersion of its
spores. Chaplins proteins have been identified in these hyphae which have the ability
to form amyloid fibrils acting cooperatively to allow the formation of aerial structures
(Claessen et al., 2003).

Other proteins can shift their soluble state to fibrillar structures conferring specific
functional roles inside the cells. Some prion proteins are composed by a globular
domain and an unstructured fragment leading the conversion between both states.
This transition can be associated with important phenotype changes as in the case of
Ure2p (Chien et al., 2004, Nakayashiki et al., 2005) and Sup35 (Eaglestone et al., 1999,
True and Lindquist, 2000), prion proteins from Saccharomyces cerevisiae. The
polymerization of the HET-s prion protein from Podospora anserine is involved in a

controlled programmed cell death phenomenon (Coustou et al., 1997, Saupe, 2000).
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3.3 - Fibril formation mechanism

Polypeptide chains adopt a large number of conformations during multi-step
amyloid self-assembling processes. The precursors must expose aggregation-prone
regions to allow the establishment of intermolecular contacts. Thus, native globular
proteins need to be destabilized by mutations or external factors, such as high
temperature, changes on the pH or addition of denaturants (Chiti et al., 1999).
Nevertheless, recent studies have revealed that native-like conformations as well as
fragments of proteins generated by proteolysis unable to fold are capable to initiate
the protein deposition mechanism (Sabate et al., 2010 Chiti and Dobson, 2009).
Overall, the ensemble of precursors promoting protein deposition is really
heterogeneous, such as degraded fragments, totally or partially unstructured species
or native-like structures, which coexist in equilibrium under physiological conditions

(figure 6).

Figure 6. Schematic representation of the conformational diversity that polypeptide chains might adopt. New synthesized proteins
can fold into the native structure. Nevertheless, degradation and aggregation (including amyloid fibrils and functional oligomers)
can compete under physiological conditions. The interconversion between these populations is determined by their

thermodynamic and kinetic stability (Dobson, 2004).

For a two-state folding protein, the aggregation mechanism is assumed to be an
irreversible process occurring only from unfolded species. The following equation

describes this behavior, known as the Lumry-Eyring model (Sanchez-Ruiz, 1992):

ky ky
F<k—>U—>A

ke, ku and ka are the folding, unfolding and aggregation rates, respectively.
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The native ensemble is separated from non-native species by kinetic barriers,
especially the unfolding activation barrier. Thus, unfolding process is considered the
rate-limiting step because the deposition mechanism can not be faster than the
unfolding rates. According to this hypothesis, thermodynamic stability does not
guarantee that a protein will remain in the native state during a given timescale.
Indeed, many proteins have been designed by evolution to have high activation
barriers for unfolding (kinetic stability), thus balancing the irreversibly effect of
aggregation (Plaza del Pino et al., 2000).

The conversion of soluble monomers into amyloid fibrils may be followed by ThT
fluorescence, light scattering and circular dichroism (CD) spectroscopy (Naiki et al.,
1997, Serio et al., 2000, Uversky et al.,, 2002, Pedersen et al., 2004). Initially,
structurally diverse precursors promote the nucleation process, the slowest and
protein-concentration dependent step, as indeed for crystallization. Protein monomers
need to transform their conformation to B-sheet structure acquiring a specific critical
size, and resulting in a thermodynamically unfavorable process. The nucleation stage is
visualized as a lag phase (figure 7), which can be temporarily reduced by the addition
of preformed prefibrillar aggregates to the aggregation assay, known as seeds (Chiti

and Dobson, 2006).
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Figure 7. Nucleation-polymerization model of amyloid aggregation. The first phase is the nucleation lag phase, in which monomers
undergo conformational change and associate to form oligomeric nuclei, a thermodynamically unfavourable process. The second
phase is the elongation/growth phase, in which the nuclei rapidly grow by further addition of monomers and form larger fibrils,
which is a fastly and favourable process. The sigmoidal curve shows the lag phase (rate limiting step) followed by a rapid growth

phase. Thus, the addition of preformed seeds reduces the lag time (Kumar and Walter, 2011).
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After the achievement of the oligomeric species that form the aggregation
nucleus, monomers can be incorporated rapidly and efficiently during the fibril
elongation process. This growth phase is thermodynamically favorable and usually

corresponds to a single-exponential curve.

3.4 - Native-like aggregation

Several globular proteins have been shown in vitro to undergo amyloid fibril
formation under solution conditions that promote their partial unfolding.
Nevertheless, native-like conformations without the requirement to cross the major
energy barrier for unfolding are also in certain cases able to initiate the self-assemble
reaction (Bemporad and Chiti, 2009) (figure 8). Essentially, these conformational states
are thermodynamically different from the native state, and can be accessed directly
from the native state through thermal fluctuations or changes on the physiological pH
(Bemporad and Chiti, 2009). Structural fluctuations can be also facilitated by
mutations, which cause the unfolding of structured regions or by dissociation of the

guaternary structure (Chiti and Dobson, 2009).

Figure 8. Energy diagram for protein folding. According to the classical thermodynamic
and kinetic principles, unfolded species (U) can attain the native form (N) crossing the
major free energy barrier of their transition state (TS). Other locally unfolded states
(N*) with higher energy states than N might become accessible from N via thermal
fluctuations. Polypeptide chains adopting U, | and N* states are able to self-assemble

and trigger amyloid formation, being N* easier to access from N than are | and U (Chiti

Pralein aggregatan and Dobson, 2009).

A well studied protein model for native state amyloid aggregation is the Sso AcP
(Bemporad and Chiti, 2009). This o/B enzyme contains an unstructured N-terminal
segment (Corazza et al.,, 2006), which plays a crucial role during the aggregation
process. Many evidences have demonstrated that Sso AcP adopts native-like
conformations under specific aggregating conditions, as indicated by far- and near-UV
CD, enzymatic activity assays and stopped-flow measurements of folding and unfolding

rates (Soldi et al., 2005, Plakoutsi et al., 2005, Plakoutsi et al., 2006, Bemporad et al.,
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2008) (figure 9). In the first step of aggregation, initial native conformations convert
into small oligomeric species, promoted by interactions between the unstructured N-
terminal segment and a peripheral B-strand of the globular domain. These species
present native-like conformation, but do not yet bind to specific amyloid dyes
(Plakoutsi et al., 2005). In the second step, oligomeric species transform into spherical
structures and chain-like protofibrils, showing a significant B-sheet structure and
positive binding to amyloid dyes. Interestingly, aggregation rates for this protein are
really faster than the unfolding ones, suggesting that global unfolding is not a

necessary condition to initiate the aggregation process (Plakoutsi et al., 2004).
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Figure 9. Proposed process of aggregation for Sso AcP. Initially, the polypeptide chain folds in its native monomeric form (N).
Native-like conformations (N*) can be accessible through thermal fluctuations or destabilizing mutations. This transition is not a
global unfolding process across the major free energy barrier. The formation of native-like aggregates is established trough the
interaction between the unstructured N-terminal segment and a portion of the globular structure (the peripheral B-strand 4).

Finally, these aggregates allow the convertion into amyloid-like protofibrils (Bemporad and Chiti, 2009).

In vitro studies of disease-related single mutants of human lysozyme protein
exhibit local cooperative unfolding under physiological conditions. This transition does
not involve crossing the energy barrier for unfolding, since partially unfolded species
are accessed at least five orders of magnitude faster than overall unfolding (Canet et
al., 2002, Dumoulin et al., 2005).

In the case of a superoxid dismutase 1 (SOD1) variant associated with familial
amyotrophic lateral sclerosis (FALS), a highly flexible loop plays a key role in
aggregation. This SOD1 mutant displays native-like dimeric structure, but temporary
soluble oligomers can be formed through interactions involving the unstructured loop

(Elam et al., 2003, Banci et al., 2005).
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This behavior has been also found in other proteins such as transthyretin (TTR).
Native TTR homotetramer needs to dissociate into a partially unfolded monomeric
states, which are able to initiate the amyloid fibrillar process (Colon and Kelly, 1992, Lai
et al.,, 1996, Quintas et al., 2001). TTR-associated familial diseases are linked to
mutations that favor the aggregation mechanism (Sekijima et al., 2005). In contrast to
SOD1 mutants, the unfolded regions of TTR monomeric species do not mediate the
interactions between the monomers in the fibrils, but rather these unstructured
regions remain exposed to the solvent in the fibrils (Serag et al., 2002).

Amyloid fibril formation of B2m protein has been found in dialysis-related
amyloidosis. During the folding reaction, it has been identified at least one
intermediate that accumulates after the major energy barrier for folding (Chiti et al.,
2001, Jahn et al., 2006). Structural studies have shown native-like compactness and

secondary structure for this state (Kameda et al., 2005).

4. - IN VIVO PROTEIN AGGREGATION

The formation of insoluble protein deposits causes a high number of devastating
human diseases of growing incidence such as Alzheimer’s disease, Parkinson’s disease
and type |l diabetes among others. Amyloid deposits can be formed inside and outside
the cell, involving predominantly the aggregation of a specific protein although other
molecules can be incorporated, such as glycosaminoglycans and apolipoproteins
(Westermark et al., 2007).

During protein translation, emerging polypeptide molecules are extremely
susceptible to aggregation in the crowded cell environment (figure 10). Usually, the
elongation reaction is faster than their folding, increasing the presence of totally or
partially unfolded species inside the cells. The maintenance of the native structure
depends on the balance between the protein folding rate and conformational stability.
To guarantee the correct folding of polypeptide chains, cells have developed quality
control systems constituted by molecular chaperones and proteases. These
machineries recognize and interact with soluble, unfolded and misfolded polypeptide

chains performing the refolding or degradation of these species (Hartl and Hayer-Hartl,

20



INTRODUCTION

2002, Wickner et al., 1999). Interestingly, recent data shows that some chaperones are

able to re-dissolve protein aggregates (Lee et al., 2004).
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Figure 10. Promoting protein conformations of IB formation. New synthetized polypeptide chains in the ribosome are supposed to
fold into soluble native conformations. However, during protein over-expression totally and partially unfolded species often
establish anomalous but specific interactions, forming the aggregating nuclei. The self-assemble process of both oligomeric and
native-like species promotes B-sheet enrichment in the IB structure. Conformational fluctuations and local unfolding allow the

interconversion of the species between the soluble and insoluble fraction inside the cells (de Groot et al., 2009).

Prokaryotic organisms have been extensively used as simple cellular models,
providing significant features about several biological processes such as aging or in vivo
protein deposition (Garcia-Fruitos et al., 2005a, Gonzalez-Montalban et al., 2007,
Sabate et al., 2010, Lindner et al., 2008). Many biotechnological processes employ
Escherichia coli as a rapid and economical system in the over-expression of
recombinant proteins. Generally, over-expression of recombinant polypeptides
promotes the formation of protein aggregates, known as inclusion bodies (IBs).

Aggregation inside bacteria has been regarded as an unspecific process of non-
structured and inactive protein deposits. However, high-resolution techniques have

allowed studying in detail the inner structure of IBs, demonstrating that this in vivo
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deposits share common structural properties with pathogenic amyloid aggregates in
higher organisms (Morell et al., 2008, Wang et al., 2008). Their amyloid nature can be
studied by electron microscopy and binding to amyloid specific dyes (Morell et al.,
2008, Carrio and Villaverde, 2005). Additionally, recent studies have demonstrated the
ability of amyloid-p peptide (AB) IBs to seed the fibrillar process (Morell et al., 2008).
These intracellular aggregates are dense, porous, hydrated and apparently
amorphous structures of about 1 um of diameter (Arie et al., 2006, Carrio et al., 2000).
Mature IBs are usually composed by more than 90 % of recombinant protein but also
may contain traces of molecular chaperones (Carrio et al., 2000, Carrio et al., 1998,
Carrio and Villaverde, 2002, Schrodel and de Marco, 2005). Partially active
conformations and native-like species can be found within bacterial aggregates, which
are commonly coexisting with an extent of B-sheet structure (de Groot and Ventura,
2006, Garcia-Fruitos et al., 2005b, Oberg et al., 1994). Thus, specific interactions
between solvent-exposed hydrophobic regions do not necessarily disturb the
conformation of all protein domains, which allows maintaining in some cases the
enzymatic activity. The green fluorescence protein (GFP) fused to a set of AB variants
has been extensively used to characterize in vivo folding kinetics. Fast aggregating
variants did not produce fluorescent IBs, since GFP protein is unable to fold correctly.
In contrast, highly fluorescent aggregates were obtained for slow aggregating
sequences (de Groot et al., 2006), illustrating a kinetic competition between folding

and aggregation inside the cell.

5. - MOLECULAR DETERMINANTS AND PREDICTION OF AMYLOID AGGREGATION

Despite it was thought that the ability to form amyloid-like aggregates was
restricted to proteins involved in amyloidoses, an increasing number of globular
proteins not related to disease have been shown to form amyloid fibrils in the last
years. These proteins do not share any sequential or structural similarity. In this way,
aggregation might be proposed as a generic and intrinsic property of polypeptides in
both eukaryotic and prokaryotic organisms (de Groot et al., 2009, Chiti and Dobson,
2006, Chiti et al., 2003).
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5.1 - Intrinsic physico-chemical properties and external conditions

Protein aggregation processes depend on both intrinsic polypeptide properties and
environmental conditions (DuBay et al., 2004). Intrinsic factors comprise several
characteristics of the amino acid residues, such as hydrophobicity, charge, polarity and
propensity to adopt secondary structure motifs. For many vyears, hydrophobic
interactions have been considered as the main force in protein folding and aggregation
(Fink, 1998). Actually, higher aggregation propensities have been associated with an
increase in the hydrophobicity of polypeptides (Chiti et al., 2003). On the contrary,
inverse correlation has been observed between net polypeptide charge and their
aggregation propensity (Chiti et al., 2003, DuBay et al., 2004), because of the
electrostatic repulsion promoted by the net charge during the establishment of the
first intermolecular interactions. In the case of globular proteins, thermodynamic
stability of the native state is often inversely correlated with the aggregation
propensity (Hurle et al., 1994, Quintas et al., 1999, Chiti et al., 2000).

Environmental factors are also important in the tendency of polypeptides to form
amyloid structures. Extrinsic properties that modulate protein aggregation include
interactions with cellular components such as chaperones, proteases and the
ubiquitin-proteasome system. Besides, physico-chemical parameters as pH,
temperature, ionic strength and protein concentration modulate protein deposition.
The morphology of amyloid fibrils can be remarkably diverse and influenced by the
factors related above. For instance, salt concentration can strongly modulate the
kinetics (mainly the length of the lag phase) and structure of amyloid fibrils of a SH3
mutant domain of a-spectrin (Morel et al., 2010). Low salt concentration promotes the
slow formation of well-ordered and twisted fibrillar structures. In contrast, thinner and
shorter fibrils are rapidly formed under high salt concentrations and high
temperatures. Changes on the pH also have consequences in the deposition process,

increasing the aggregation rates at low pH.

5.2 - Hot spots and gatekeepers
The primary sequence strongly influences the aggregation propensity, indeed
point mutations may have a huge impact on protein solubility (Chiti et al., 2003). When

aggregation is initiated from totally unfolded species, a high correlation is observed
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between the aggregation rates resulting from single amino acid mutations and the
effect of the substitutions on the intrinsic properties described above (Chiti et al.,
2003). Not all the residues of polypeptide chains have the same contribution to the
aggregation propensity. The regions that direct the deposition process have been
called “hot spots” (Ventura et al., 2004, Ilvanova et al., 2004), and they correspond to
specific regions enriched in aliphatic and aromatic residues (Val, Leu, lle, Phe, Tyr, Trp)
(Monsellier et al., 2008, Rousseau et al., 2006). The presence of these specific regions
in globular proteins is expected since the biophysical rules that promote the formation
of native contacts and B-sheet intermolecular interactions are similar (Routledge et al.,
2009). Evolutionary pressure against aggregation has employed amino acid
substitutions in the flanks of hot spot regions (Monsellier and Chiti, 2007, Monsellier et
al., 2007). Essentially, these so-called “gatekeepers” use the repulsive effect of their
charge such as Arg and Lys residues, and amino acids incompatible with a B-structure
(Pro), which are able to modulate the aggregation propensity of the sequences they
flank (Rousseau et al., 2006, Reumers et al., 2009, Otzen et al., 2000, Richardson and
Richardson, 2002, Monsellier et al., 2008). Small sequential changes either inside or

close to these specific regions strongly affect protein solubility.

5.3 - Aggregation prediction algorithms

The ability to predict amyloid fibril formation is important for several reasons. The
increasing knowledge about the structural features of amyloid fribrils and the forces
that promote and stabilize their formation has allowed developing several
mathematical tools. These prediction algorithms are able to detect aggregation-
promoting regions and forecast protein aggregation propensities. More than ten
different predictive tools have been developed, based on different empirical or
structural parameters (Belli et al., 2011, Castillo et al.,, 2011). Empirical tools try to
relate in vivo and in vitro experimental results with amino acid intrinsic properties
(Chiti et al., 2003, DuBay et al., 2004, Tartaglia et al., 2004, Conchillo-Sole et al., 2007,
Zibaee et al., 2007, Tartaglia and Vendruscolo, 2008). Structural-based methods exploit
structural constraints in the few solved three-dimensional conformation of amyloid
fibrils (Thompson et al., 2006, Yoon and Welsh, 2004, Trovato et al., 2006, Galzitskaya
et al., 2006a, Bryan et al., 2009).
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The first mathematical tool was developed using in vitro experimental data of the
model protein human muscle acylphosphatase (AcP) (Chiti et al., 2003). The
differences observed on the aggregation rates of several point mutants were
correlated with changes in their hydrophobicity, the propensity to form a-helical and
B-sheet structure, and overall charge. The empirical formula obtained allows
indentifying the propensity to form B-sheet aggregation in all unstructured or
intrinsically disordered polypeptides. A further refinement of this equation included
other extrinsic factors such as pH, ionic strength and protein concentration, allowing
calculation of the rate constants for aggregation in different conditions (DuBay et al.,
2004). Dubay’s algorithm was used, considering only intrinsic properties, to determine
the amyloid deposition tendency of the 20 natural amino acids, resulting in
aggregation propensity profiles for the target proteins in which the aggregation-prone
regions can be easily identified (Pawar et al., 2005). Zyggregator is a predictor method
based on Pawar’s algorithm that, combined with protein flexibility and solvent
accessibility analyses from the CamP method (Tartaglia et al., 2007), allows identifying
the aggregation tendency profile for a given protein in any conformational state
(Tartaglia and Vendruscolo, 2008).

TANGO is another empirical server able to predict B-sheet aggregation by
analyzing the propensity of each residue to acquire different structural elements, such
as a-helix, B-turn, B-sheet aggregation and a-helical aggregation (Fernandez-Escamilla
et al., 2004). This prediction method considers protein stability and intrinsic properties
of polypeptide chains (hydrophobicity, electrostatic interactions, hydrogen bonds
contributions, structural conformation propensities), as well as extrinsic factors (pH,
ionic strength, peptide concentration). Combining this empirical information with
structural studies of several amyloid-forming hexapeptides (AmylHex dataset), WALTZ
algorithm was developed in order to distinguish between amorphous B-sheet
aggregates and ordered amyloid-like deposits (Maurer-Stroh et al., 2010).

The SALSA algorithm was generated to locate regions with high B-strand
propensity, assuming that formation of fibrillar aggregates is strongly associated to B-
strand formation (Zibaee et al., 2007).

A large set of punctual mutants of amyloid B-peptide was used to calculate their

relative solubility in the cytoplasm of E. coli (Sanchez de Groot et al., 2005). Thereafter,
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the obtained scale of intracellular intrinsic aggregation propensity for the 20 natural
amino acids allowed to develop the AGGRESCAN web server (Conchillo-Sole et al.,
2007), in which an aggregation propensity profile is provided from the amino acid
primary sequence. This software is the first predictive method totally based on in vivo
empirical information, which permits to identify aggregation-prone regions of protein
sequences in vitro.

The PASTA algorithm predicts the regions of polypeptide sequence involved in the
formation of ordered cross-B structure (Trovato et al.,, 2006). A dataset of globular
proteins with well-known secondary structures was used to calculate the pairing
energies for each pair of residues facing one another on parallel or antiparallel
neighbouring strands within a B-sheet. In contrast to most other methods, PASTA
algorithm is able to identify whether B-strand in the fibrils is susceptible to adopt a
parallel or antiparallel orientation.

Similar to the PASTA method, the BETASCAN algorithm was derived from a
selected structures of amphipathic B-sheets in the PDB database and determines the
preference for each pair of amino acids to be hydrogen bonded in a B-sheet, assuming
that the sequence not only determines the secondary structure, but also the assembly
of individual B-strand into ordered B-sheets (Bryan et al., 2009).

FOLDAMYLOID exploits a scale of packing density to identify aggregation-prone
and intrinsically disordered regions in polypeptide primary sequences. As deduced
from the analysis of the spatial structures of proteins in the PDB (Galzitskaya et al.,
2006b), hydrophobic residues (Val, Met, Leu, lleu, Tyr, Phe, and Trp) were found the
most packed side chains in globular proteins.

The 3D profile method and ZIPPER database are based on the crystal structure
analysis of the amyloid fibril forming hexapeptide NNQQNY, with the aim to predict
regions of polypeptide sequences forming amyloid aggregates (Thompson et al., 2006).
ZIPPER database consists of a large set of calculated predictions resulting from the
analysis of 20000 different protein sequences using the 3D profile algorithm. The
accuracy of the sequence predictions is evaluated in energetic term using the
ROSETTADESIGN software (Kuhlman and Baker, 2000).

Overall, the information provided by these predictive programs has contributed

significantly to understand the mechanism of protein deposition. The effect of natural
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or designed mutations on individual proteins or large set of proteins may be easily
studied, being thus of high interest for the biotechnological production of proteins and

to develop therapeutic approaches for human amyloidoses.

6. - INTERACCION SURFACES

6.1 - Quaternary structure and disease

A large number of proteins contain more than one polypeptide chain, forming the
quaternary structure by association of their subunits. The correctly association of
polypeptides into functional complexes is an indispensable requisite to maintain
homeostasis in living cells. By contrast, anomalous interactions can lead to protein
misfolding and disease.

Negative selection as a mechanism for specificity is a very useful strategy
considering the crowded environment inside cells. Several B-sheet proteins have used
negative design principles to prevent aberrant assembly (Richardson and Richardson,
2002) and promote solubility (Doye et al.,, 2004). Thus, similar strategies, as an
evolutionary mechanism, can be exploited to improve specificity in protein interactions
(Baker, 2006).

Several amyloidogenic proteins present quaternary structure or are bound to
other proteins under physiological conditions. More than 100 different SOD1 mutants
are associated to FALS disease. A4V SOD1 variant has an increased tendency to
aggregate, and interestingly, the mutation is close to the dimer interface promoting
interface destabilization. This information supports the theory that only monomeric
species are able to associate into amyloid fibrils, being an obligatory step for protein
aggregation (Ray and Lansbury, 2004). Other amyloidogenic protein is the
homotetrameric TTR, which causes familial amyloidotic polyneuropathy (FAP). Many of
amyloidoses-related mutations favor destabilization of monomeric interfaces and

promote complex dissociation.
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6.2 - Interface structural properties and prediction algorithms

Protein-protein interaction sites have specific chemical and physical
characteristics, all of which contribute to the molecular recognition process. Hydrogen
bonds and van der Waals interactions contribute significantly to the free energy of
protein-protein interactions, but the major factor in stabilizing protein interfaces is
hydrophobicity (Chothia and Janin, 1975). Analysis of residue clustering on protein
surfaces revealed that interface sites contain the most hydrophobic residue clusters of
all those on the protein surface (Young et al., 1994). The interior, surface, and interface
components in oligomeric proteins have been analyzed, specifically the contribution of
structural properties such as hydrophobicity, accessible surface area, shape, and
residue preferences have received attention (Janin et al., 1988, Miller, 1989, Argos,
1988). Size and shape of interfaces can be measured simply in absolute dimensions (A)
or in terms of accessible surface area (AASA). The concept of ASA describes the extent
to which protein atoms can form contacts with the solvent, and is strongly correlated
with hydrophobic free energies.

Predicting the position of the interface in dimeric proteins has been possible using
a predictive algorithm based on the hydrophobicity of residue clusters in proteins
(Young et al., 1994). Besides, electrostatic complementarity between interfaces has
been employed as an additional filter for many protein-protein docking methods
(Vakser and Aflalo, 1994), as well as new methods based on the evaluation of shape
complementarity (Lawrence and Colman, 1993).

Overall, protein—protein interfaces are more hydrophobic, planar, globular and
protruding than other parts of a protein’s surface (Jones and Thornton, 1997a). This
data led to develop a simple method for predicting protein—protein interactions based
on six structural parameters: solvation potential; hydrophobicity; accessible surface
area; residue interface propensity; planarity and protrusion (Jones and Thornton,
1997b).

The Optimal Docking Area (ODA) method identifies protein surface patches of
different sizes (Fernandez-Recio et al., 2005). This algorithm is based on previously
solvation studies derived from octanol/water transfer experiments and adjusted for

protein-protein binding (Fernandez-Recio et al., 2004).
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SHARP? is a web-based tool for predicting protein-protein interactions sites on
protein structures (Murakami and Jones, 2006). The score for each patch of residues is
a combination of six calculated parameters: solvation potential; hydrophobicity;
accessible surface area; residue interface propensity; planarity and protrusion
(SHARP?).

Computational approaches such as alanine-scanning have shown that the amino
acidic composition in interaction surfaces is enriched in Trp, Tyr and Arg residues
(Bogan and Thorn, 1998). Besides, Trp, Phe and Met residues are highly conserved in
protein interfaces, suggesting that hydrophobic forces are really important for the
interaction surface of the monomers (Monsellier et al., 2008).

Protein-protein interfaces are stabilized mainly by hydrophobic and electrostatic
interactions (Chothia and Janin, 1975, Jones and Thornton, 1996), which have been
also indentified as the main forces modulating protein aggregation. Thus, some
overlap between the aggregation-prone regions and the interaction surfaces might be
expected since the nature of the residues that populate these regions appears to be

largely similar.

7. - PROTEIN MODELS

7.1 - Leech carboxypeptidase inhibitor (LCl)

LCl is a powerful competitive inhibitor of different types of pancreatic-like
carboxypeptidases: Al; A2; B and plasma carboxypeptidase B (pCPB). pCBP is also
known as thrombin-activatable fibrinolysis inhibitor (TAFI), which leads to an
attenuation of fibrinolysis. Consequently, this inhibitor may help to preserve blood in
liquid state during leech nutrition.

This polypeptide is a 67-residues cysteine-rich protein which folds in a compact
domain of five-stranded antiparallel B-sheet and a short a-helix. The major
contribution for its stability is the presence of four disulfide bridges between cysteines
10-33, 17-61, 18-42, and 21-57, all of them connecting secondary structure elements
(figure 11).
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The oxidative folding pathway of LCl shares mechanistic similarities with both BPTI
and hirudin proteins (Salamanca et al.,, 2003). Reduced and denatured LCI folds
through a sequential flow of 1- and 2-disulfide intermediates, guiding the formation of
two different population that act as kinetic traps: one is a mixture of four-disulfide
(scrambled) species; and the other consists in three predominant three-disulfide
isomers, in which two of them contain all-native disulfides. Like in the case of hirudin
folding pathway, a heterogeneous mixture of 1- and 2- disulfide intermediates leads to
the formation of 4-disulfide scrambled species, which might attain the native
functional form. In contrast, and as in the case of BPTI, three native-disulfide

intermediates populate the late steps of folding acting as major kinetic traps.
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Figure 11. A. Ribbon illustration of the native three dimensional structure of LCI. (PDB: 1DTV). The yellow sticks represent the four
native disulfide bonds. B. The secondary structure elements and disulfide pairing are shown above and below its amino acid
sequence, respectively (Arolas et al., 2009).C. Disulfide folding pathway of LCI. R and N indicate the reduced and the native forms,
respectively. 1S, 2S, 3S and 4S are ensemble of molecules with the corresponding number of disulfide bridges. 3S N are 3 native-

disulfide species.

The two major kinetic traps (IlI-A and 1lI-B) posses only native disulfides bonds and
lack disulfides 22-58 and 19-43 in intermediates, respectively (Salamanca et al., 2003).
Stop/go folding experiments demonstrate that the rate of interconversion between
the two 3 native-disulfide intermediates are faster than the conversion into scrambled

species (Arolas et al., 2004). Both intermediates are partially structured forms and
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show high stability against denaturants. Their conformational properties were
analyzed by CD, D/H exchange followed by matrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy (MALDI-TOF MS) and ‘H NMR spectroscopy (Arolas et
al., 2004). By CD spectroscopy, the IlI-A intermediate shows a high percentage of
residues in B-structure similar to that of the native conformation. On the contrary, the
CD spectra of the IlI-B species and scrambled isomers present clear differences from
that of the native form. The extent of protected deuterons in the native structure is
higher than in both IlI-A and I1I-B forms, and scrambled isomers. The 'H NMR spectra
of native LClI and lll-A intermediate display very similar signal dispersion, suggesting
the properly folding of these species. However, IlI-B forms and scrambled species show
peak collapse, indicating the presence of partially folded structures and random coil
conformations. Overall, these conformational features have been recently supported
by the structure resolution of the IlI-A intermediate by NMR (Arolas et al., 2005a), and

the crystallographic resolution of the IlI-B analog intermediate (Arolas et al., 2005b).

7.2 - SH3 domain of a-spectrin protein (SPC-SH3)

The conformational stability and folding mechanism of the SH3 domain of a-
spectrin have been extensively studied (Martinez et al., 1998, Sadqi et al., 1999,
Periole et al., 2007). SPC-SH3 is a 62-residue polypeptide that folds into an orthogonal
B-sandwich with a short 319 helix (Musacchio et al., 1992). This domain has been
largely characterized, especially its thermodynamic and kinetic features during the
folding reaction, showing a two-state model with no significant accumulation of folding
intermediates (Viguera et al., 1994). Its thermodynamic stability also depends strongly
on the pH (Sadgqi et al., 1999). The role of the hydrophobic core and the distal B-hairpin
in its conformational stability has been carefully studied (Viguera et al.,, 1996,
Grantcharova et al., 1998), describing the 319 helix and the B-hairpin as the folding
nucleus of the protein (Martinez and Serrano, 1999) (figure 12).

Protein engineering has been used to insert different poly-Gly length in the loop,
revealing important issues about the high degree of compactness of the folding core
(Martinez et al., 1999). Later on, the thermodynamic and kinetic stabilities of 20 de
novo design mutants of the hydrophobic core were analyzed (Ventura et al., 2002).

These variants contained single and multiple substitutions in the comprising 9 residues
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of the core (Val9, Alall, Val23, Met25, Leu31, Leu33, Val44, Val53 and Val58). The
distal loop mutants (residues Ans47 and Asp48) displayed differential thermodynamic

and conformational properties, as well as the core variants.

Figure 12. Ribbon diagram of the a-spectrin SH3 domain (PDB 1SHG). The green backbones correspond to the residues at the

hydrophobic core. Residues in the distal B-hairpin are shown in blue. This figure has been prepared with PyMol.

7.3 - FF domain of yeast URN1 protein (URN1-FF)

During the synthesis and processing of mRNA several proteins regulate this
process binding to the phosphorylated carboxyl-terminal domain (CTD) of eukaryotic
RNA polymerase Il, as the yeast Prp40 protein (Morris and Greenleaf, 2000) and the
human CA150 protein (Goldstrohm et al., 2001). Several studies have demonstrated
that these interactions are mediated by the presence of FF domains. These domains
are present in several copies in other proteins containing WW domains, presenting
two highly conserved phenylalanine residues and a characteristic three a-helix fold
(a1-a2-310-a3) (Bedford and Leder, 1999).

Generally, FF domains act as protein-protein interaction modules present in three
eukaryotic protein families: the splicing factors (human HYPA/FBP11, yeast Prp40 and
yeast URN1); the transcription human factor CA150; and p190RhoGTPase-related
proteins. They display large sequential divergence and involved in unrelated biological
pathways since they can interact with different kind of ligands (phosphorylated CTD,

TFII-I transcription factors and TPR motif among others).
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The structures of several FF domains (from HYPA/FBP11, Prp40, URN1 and CA150)
have been characterized in detail (Allen et al., 2002, Bonet et al., 2009, Bonet et al.,
2008, Lu et al., 2009) (figure 13). The FF domain of the human HYPA/FBP11 protein has
been extensively studied, in particular its transition state for folding using fast-flow
denaturation methods and molecular dynamics (Jemth et al., 2004, Jemth et al., 2005,
Korzhnev et al., 2007, Jemth et al., 2008, Korzhnev et al.).

The URN1 protein is a pre-mRNA splicing factor from Saccharomyces cerevisiae,
which contains only two protein domains: a WW and a FF domain. A large number of
proteins interact with the URN1 protein, for instance, it binds directly to the
spliceosomal subcomplex Prp19 protein (Ren et al.). However, it has not be described
any specific partner for the URN1-FF domain. This 59-residue protein shows the typical
FF fold al-a2-319-a3 but differs from other FF domains on its charge distribution in the

surface (Bonet et al., 2008).

Figure 13. Ribbon diagram of two superimposed structures: the FF domain of the yeast URN1 and the human HYPA/FBP11
proteins; in red and green respectively. The PDB accession code for URN1-FF structure is 2JUC, and for FBP11-FF is 1UZC. This
figure has been prepared with PyMol.
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The global aim of this thesis is to provide further insights about the
physicochemical principles controlling the balance between the population of native
soluble conformations and toxic aggregated species in globular proteins under

physiological conditions.

More specifically, the following objectives were proposed for each scientific paper:

Paper I:
- To study the role of the individual disulfide bridges in the folding and the

stability of the LCl protein.

Paper Il and IV:
- To correlate the thermodynamic stability of a set of SPC-SH3 variants with their
in vivo deposition and their in vitro aggregation levels.
- To analyze the structural properties of in vivo SPC-SH3 aggregates.
- To correlate the aggregation inside bacteria of SPC-SH3 domains with their

kinetic folding properties.

Paper lll:
- To analyze the spatial coincidence between aggregation-prone regions and
interaction surfaces in multimeric proteins associated with conformational

diseases.

Paper V:
- To study the conformational conversion of native a-helices into amyloid B-sheet
structures using the all-a FF domain of URN1 as a protein model.
- To identify the region controlling the balance between solubility and

aggregation in this domain.
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DISCUSSION

Paper I: The role of disulfide bridges on the LCI conformational stability

In this thesis, the role of disulfide bridges during the acquisition of the native
structure, conformational stability and function have been characterized using LCl as a
model, a small four-disulfide polypeptide. Different disulfide delection mutants have
been analyzed using oxidative and reductive unfolding approaches, disulfide
scrambling techniques and activity assays.

The overall data reveals that not all the covalent bridges are equally important for
the stability of the LCI protein. The elimination of specific disulfide bridges results in a
strong structural destabilization. The protein is able to attain a native-like
conformation and function when the individual disulfide bonds SS3 and SS4 are
missing, which interestingly correspond to those reduced in IlI-B and IlI-A folding
intermediates, respectively. Elimination of the disulfide bond SS1 has the strongest
effect on the conformational stability, being the corresponding mutant unable to gain
the native functional structure. The LClI mutant lacking the SS2 does not accumulate
during the oxidative folding reaction, despite being conformationally stable.

Disulfide-containing proteins functioning as carboxypeptidase inhibitors are
designed to be highly stable under extreme external conditions. LCI protein possesses
a high stability caused by a compact hydrophobic core and an accurate disulfide-bond
distribution (Salamanca et al., 2002). Interestingly, it is shown that the stability and
biological function of LClI protein are not necessary coupled. In this sense, single LCI
mutants lacking SS2 and SS3 disulfides show excellent inhibitory activity, despite their
significant destabilization.

Reduction of disulfides buried in the folded structure uses to be the rate-limiting
step during the unfolding reaction of disulfide containing proteins. Resistance to
reduction was found to agree with the changes in conformational stability of single LCI
mutants, the lower the conformational stability of the mutant, the higher the
sensitivity of its disulfides to the reducing agent.

These experimentally results were compared with the predicted stabilities of
mutant LCI variants upon removal of one or more disulfides using the Wang-Uhlenbeck
formula for loop entropy (Wang and Uhlenbeck, 1945). The predicted changes in

stability for LCI mutants were in contradiction with experimental data, indicating that
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other destabilizing contributions, apart from the gain in entropy in the unfolded state
should account for these differences. The contribution of other forces and interactions
to conformational stability were addressed using the FoldX forcefield (Guerois et al.,
2002, Schymkowitz et al.,, 2005). This algorithm accurately predicts the rank and
relative differences in stability for those LCI mutants able to fold into a predominant
conformation.

Our results also provide information about the role of disulfide bonds in the
folding pathway of LCI. Previous studies revealed the accumulation of two major
intermediates along the folding reaction, the IlI-A and llI-B species, which have the
ability to protect their three native disulfides from rearrangement (Salamanca et al.,
2003, Arolas et al., 2004). Surprisingly, single mutants lacking SS1 and SS2 disulfide
bridges do not accumulate during the folding pathway, indicating that conformational
stability is not enough to attain the native disulfide connectivity. Regarding the
formation mechanism of IllI-A and [lI-B intermediates, it has been demonstrated that
3S species with non-native disulfides can rearrange to form 3S natively bonded
species, suggesting that the non-specific oxidation of 2S forms into 3S species and the
further reshuffling of this ensemble could be the underlying mechanism accounting for

the formation of both intermediates.

Paper Il and IV: In vivo and in vitro SPC-SH3 aggregation correlates with the

thermodynamic and kinetic stabilities

In the first part of this section we have used a set of 23 SPC-SH3 variants to analyze
the determinants of protein aggregation under physiological conditions. These
mutants showed differential in vivo solubility, which allowed classifying them into
three sets: a) variants with similar distribution between the soluble and insoluble
fractions, including SPC-SH3 wt; b) mutants predominantly or totally present in the
insoluble fraction; and c) variants that mainly remained soluble.

Efforts were made to correlate the aggregation propensity with the
physicochemical parameters of the primary sequence. As an example, global

hydrophobicity and the aliphatic index were not found to be associated with the
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solubility of the variants. In a similar way, the aggregation propensities were predicted
using AGGRESCAN and TANGO algorithms, but no relationship existed between the
predicted tendency to aggregate and the fractioning of the variants in the cellular
lysates. These computational tools assume that aggregation is initiated by association
of aggregation-prone regions exposed to the solvent, thus suggesting that SPC-SH3
variants might aggregate from partially unfolded species.

A tightly correlation between in vivo aggregation and thermodynamic stability was
observed. Indeed, destabilization of globular proteins is expected to totally or partially
unfold the native states, being the conformational stability a controlling factor for in
vivo protein aggregation. This result is in good agreement with these obtained using
other protein models, such as HypF-N and p53 proteins (Calloni et al., 2005, Mayer et
al., 2007). In vitro amyloid aggregates were obtained under mild denaturing
conditions, and their conformational properties were analyzed using far-Uv CD, FTIR,
TEM and binding to amyloid specific dyes. A striking association was observed between
in vitro and in the cell aggregation properties, indicating that both processes are
modulated by the conformational stability. Interestingly enough, these self-assembly
reactions do not require a large destabilization that completely unfold the globular
domains, indicating that subtle changes in thermodynamic stability can induce local
fluctuations displacing the equilibrium towards aggregated states.

In the paper lll, our purpose was to decipher whether the energy barriers to
unfolding are equally or more important than the thermodynamic stability for the
aggregation of small globular proteins inside the cell, since conformational and kinetic
stability are usually correlated. Indeed, aggregation promoting mutations of a reduced
number of globular proteins have been related with changes in the unfolding barriers
but not in the thermodynamic stability (Foss et al., 2005, Liemann and Glockshuber,
1999).

We completed previous studies (Ventura et al., 2002) by characterizing the folding
kinetics of destabilized SPC-SH3 variants to collect a complete set of kinetic data
corresponding to both stabilized and destabilized variants. This allowed us to analyze
the contribution of the kinetic parameters to the intracellular aggregation of this
globular protein. As described above, a good correlation was observed between the

formation of intracellular deposits and their thermodynamic stability. Assuming that
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aggregation occurs during the folding reaction, it should be expected a good
correlation between the folding activation free energy and the experimental solubility.
However a lower correlation was observed in this case. Regarding the association
between the unfolding kinetic barriers and the in vivo solubility, the observed
correlation was better than that found for the refolding kinetic barriers, but still lower
than that obtained when considering thermodynamic stability alone. By analyzing the
intracellular deposition of a SPC-SH3 mutant displaying a random coil structure
(Eichmann et al., 2010), it has been demonstrated that the aggregation of this globular
protein does not requires the population of molten-globule like intermediates. The
Lumry-Eyring model accurately describes the observed behavior (Sanchez-Ruiz, 1992)
implying that the aggregation rate is very slow relative to the unfolding rates of the
mutants. As a result, protein aggregation becomes almost independent of the
unfolding and refolding rates and depends only on the conformational stability.

We also studied the effect of temperature on the solubility of SPC-SH3 variants.
The soluble cell fractions of several variants were incubated at different temperatures
and the aggregation kinetics were monitored. The observed aggregational behaviors
were in agreement with their relative thermal denaturation stabilities.

Finally, the thermodynamic stabilities of purified SPC-SH3 variants and their
cellular lysates were studied using pulse proteolysis. Two different experiments were
performed: one using different concentrations of denaturant; and the other one
following the kinetics of proteolysis in the absence of denaturant. The conformational
stabilities against chemical denaturation and under physiological-like conditions
appeared to be largely similar, highlighting the existing association between in vitro
and in vivo protein conformational properties.

Overall, these results propose thermodynamic stability as the main controlling
factor during intracellular protein deposition, indicating that, for small proteins, the
energy barriers for unfolding should be more important than the refolding ones, since

usually these molecules emerge from the ribosome as folded and globular species.
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Paper lll: Overlapping aggregation regions and interaction surfaces in disease-

related proteins

In this work we have measured the spatial coincidence between high-propensity
aggregation regions and the predicted and real protein interfaces in globular proteins
associated with conformational diseases.

Computational methods have become powerful tools in predicting aggregation-
prone regions in globular proteins, as well as detecting interaction regions in protein
surfaces. Here, we have used TANGO and AGGRESCAN web servers, and the algorithms
implemented by Galzitskaya et al. and Zhang et al. All of them allow predicting, from
the primary sequence, the regions partially or totally exposed to solvent which are able
to nucleate the self-assembly reaction. Regarding to the prediction of protein-protein
interaction interfaces, three structure-based methods were used: ODA; SHARP2; and
InterProSurf. In order to evaluate the degree of proximity between an aggregation-
prone region and the interface, we defined the Interface Proximity Index (IPI).

Protein-protein interaction surfaces and regions with high propensity to aggregate
have been analyzed in several amyloidoses-related proteins. 2m protein can form an
extracellular ternary complex with the HLA heavy chain, or inside the cell B2-m can be
associated with the HFE protein. In both cases, more than 75% of the residues
comprising the two aggregation-prone regions are less than 3 A from the interface of
the complexes. In addition, the high IPI values of the regions with high tendency to
aggregate reflect that they are preferentially located close to the interaction sites. The
native homotetramer transthyretin encloses five predicted aggregation-prone regions,
in which, with one exception, 90% of the residues in the aggregating patches are at
less than 3 A from the interactions regions. SOD1 protein is a homodimer displaying
four aggregating hot spots, in which the 61% of the encompassing residues are close to
the interfaces. All of the predicted aggregating regions are highly exposed to the
solvent in the monomeric form, and except one of them, they show high IPIs. Other
interesting proteins are the light chains (LCs) of immunoglobulins and the human IgG1
antibody, which are associated to AL amyloidosis (Sanchorawala, 2006, Eulitz et al.,
1990) and a systemic amyloid disease, respectively. Free secreted LCs molecules can

form homodimers which in certain occasions can aggregate and become cytotoxic.
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Two of the five detected aggregation-prone regions in the IgG1 light chain are located
close to the dimer interface. In the case of the IgG1 heavy chain, four of the nine
aggregating regions show high IPl values, and interestingly, they are located in the
heavy-chain variable domain (VH) close to the heterotetramer interface.

We show that succesfull strategies to avoid protein aggregation and disease have
in fact exploited the generation of new binding interfaces. A camelid antibody
fragment has been demonstrated to inhibit the in vitro aggregation of a disease-
related lysozyme variant (Dumoulin et al., 2003). Interestingly, the interaction region is
not located near the site of the mutation neither in the destabilized protein region, but
the antibody prevents structural fluctuations and exposure of amyloidogenic regions.
Similarly, the two aggregation-prone regions of AB peptide can be protected by using
the Z domain derived from protein A (affibody) (Hoyer et al., 2008), which allows
burying the aggregation hot spots within a large hydrophobic cavity.

In order to decipher whether the found overlapping between aggregation-prone
regions and protein-protein interaction sites is restricted only to amyloidogenic
proteins, we analyzed monomeric and globular proteins which are non-related with
conformational diseases. In cases such as human myoglobin and maltose binding
protein (MBP), predicted interfaces and aggregation regions do not overlap, and most
of the aggregating residues are buried in the hydrophobic core. We also show that,
evolution has used negative design to avoid protein deposition when aggregation
prone regions should be exposed to solvent in order to facilitate binding to specific
protein targets. This strategy can be found in thioredoxin A and ubiquitin proteins.
Finally, the analysis of 25 non-amyloidogenic dimeric proteins showed that almost all
of the homodimers have at least one aggregation region in which more than 85% of
the residues are close to the interaction surfaces.

Overall, different amyloidoses-related proteins have been studied revealing a
significant overlapping between aggregation hot spots and interactions regions. These
evidences suggest that the formation of native complexes might compete with
aggregation under physiological conditions. Thus, stabilizing protein interfaces could

be a good strategy to avoid protein deposition and cellular toxicity.
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Paper V: Transition between the soluble and amyloid states of a small all-a

domain

The transition between all-a and amyloid structures underlies the onset of several
human neurodegenerative disorders. In the present work, we have used the all-a FF
domain of yeast URN1 as a model system and a battery of biophysical techniques to
analyze the conformational conversion of native a-helices into amyloid B-sheets,
providing new data on the structural features of early species in amyloid formation
processes.

Native and globular proteins usually require a partial or total unfolding to form
amyloid fibrils, this effect can be promoted either by mutations or by external factors.
Here, we have analyzed the aggregation propensity of the URN1-FF protein over at
acidic pH, observing that at physiological temperature the formation of B-sheet
enriched amyloid fibrils only occurs below pH 3.0.

The conformational analysis of soluble URN1-FF species at different pHs and low
concentration indicate that, above pH 2.0, the soluble population maintains a
significant amount of its native a-helical content without detection of the formation of
B-sheet structures for 24h, revealing that they are at least metastable. At pH 3.0 and
2.5, the protein keeps essentially the same a-helical content than the native protein,
however thermodynamic data indicate that the protein is destabilized in these
conditions. At pH 2.0, the a-helical content decreases slightly and the protein stability
is significantly reduced. Chemical denaturation experiments demonstrate that, at 37
°C, ~¥50% and ~10% of URN1-FF species are already unfolded at pH 2.0 and pH 2.5,
respectively. Overall, the species populated at low pH correspond to molten globule-
like conformations.

Several computational algorithms detected a main aggregation-prone region inside
the helix 1 of URN1-FF. This is also the region with the highest predicted helical
propensity. Thus, this domain does not exhibit the kinetic partitioning of protein
folding and aggregation reactions characteristic of other amyloidogenic proteins (Chiti
et al., 2002). The results illustrate how nature finds difficult to avoid the presence of
amyloidogenic stretches in proteins because, at least in certain cases, the regions

leading the formation of native structures are also able to trigger self-assembly into
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toxic conformers. As illustrated here, in these cases it is the stability of the native state
that prevents the transition towards amyloidogenic conformations in physiological
conditions. The data suggest that the stabilization of a-helical structures might become

a useful approach to modulate the aggregation of disease-linked polypeptides.
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GENERAL DISCUSSION

During the last decades, protein folding and aggregation have become important
research areas in biomedicine since a huge number of fatal diseases are linked to
protein deposition processes. Moreover, the formation of inclusion bodies during
protein recombinant expression has become a major bottleneck in the production of
protein-based drugs by the biotechnological industry; although new evidence suggest
some than these in vivo aggregates might be useful for different purposes. In the
present thesis, we have focused our efforts in understanding how different model
proteins fold and aggregate under physiological conditions, as well as in deciphering
the physicochemical properties that control these reactions. Towards this aim, we
have used Escherichia coli as a simple but physiologically relevant in vivo experimental
model as well as a combination of biochemical, biophysical and computational
approaches.

The study of the role of disulfide bridges during the acquisition of the native
structure of a small disulfide-rich protein has revealed that not all the disulfides
contribute equally to the global stability of the functional native protein. The presence
of disulfide bonds on protein structures is supposed to increase the thermodynamic
stability by decreasing the conformational entropy of the denatured state. Using the
LCI protein as a model, we have demonstrated that the elimination of disulfide bonds
can lead to dramatic effects on the conformational stability of disulfide proteins, but
other factors apart from entropic contributions should be taken into account to
rationalize their effect.

Our analysis highlights the importance of thermodynamic stability on protein
solubility under physiological conditions. The negative correlation observed between
protein stability and aggregation has significant interest in the fields of protein
production and therapeutics for amyloid diseases. Moreover, we have demonstrated
that, at least in some globular proteins, the in vivo and in vitro solubilities are
modulated by the same physicochemical properties. The data suggest that stabilization
of the native state of globular proteins, preventing local and global fluctuations that
expose aggregation-prone regions to the solvent, might become a promising strategy
for therapeutic intervention in conformational disorders.

This thesis has provided support to the idea that interaction interfaces are more

aggregation prone than other surface regions in proteins complexes. It is suggested
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that, specially for homo-multimeric proteins, after protein synthesis and folding,
monomeric species should associate rapidly into the native complexes, to avoid the
prolonged exposure of aggregation-prone regions to the solvent. Accordingly, we
propose that the formation of protein complexes can be considered as a protective
strategy against protein aggregation inside the cell. Many of amyloidoses-related
mutations are associated to destabilization of protein-protein interaction surfaces,
suggesting the over-stabilization of interfaces being a good approach to compete
protein misfolding and disease.

The present thesis has also addressed the conversion of an all-a protein into
amyloid B-sheet structures. Evolutionarily, it has been difficult to avoid the presence of
regions with high tendency to aggregate in proteins, likely because the non-covalent
contacts that stabilize native structures resemble those leading to the formation of
amyloids. We show here that, in certain cases, diverging structural properties like
native helical conformation and amyloid B-sheets propensity might overlap in the
same protein region. Hence again, the conformational stability appears as an essential
factor to prevent the formation of aberrant aggregates, since by favouring the
population of the native conformation at equilibrium it prevents significant exposure
of sticky regions able to establish the initial B-sheets intermolecular contacts leading to

aggregation.
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CONCLUDING REMARKS

Paper I: The role of disulfide bridges on the LCI conformational stability

Using oxidative and reductive unfolding approaches we have demonstrated that
not all the bridges are equally important for the stability of a small disulfide-rich

protein.

Generally, the elimination of individual disulfide bridges results in a strong
structural destabilization, as in the mutant lacking the SS1 disulfide which is not
able to attain the native structure. However, native-like conformations can be
obtained when individual disulfide bonds SS3 and SS4 are missing, which
interestingly correspond to those absent in IlI-B and llI-A folding intermediates,

respectively.

The predicted gain in entropy in the unfolded state does not suffices to explain
the thermodynamic data, indicating that other contributions apart from
entropy, such as van der Waals interactions, might influence the global stability

of LCI mutants.

As a general trend, the accumulation of stable intermediates during the LCI
folding reaction relies on their ability to protect the native disulfides from
further rearrangement. However, the LCI_2 mutant does not accumulate during
the folding reaction, despite being conformationally stable. This suggests that, in
certain cases, the achievement of native disulfide connectivity might be

regulated by kinetic instead of thermodynamic constraints.

Surprisingly, LCI_2 and LCI_3 possess good inhibitory activity despite being
significantly destabilized, indicating that the conformational stability and the

inhibitory activity are not linked in this highly stable carboxypeptidase inhibitor.

Previously, it was proposed that the formation of the two major LCI folding
intermediates were formed by direct oxidation of natively-bonded 2S species.
The present work proposes a modified LClI folding pathway: IlI-A and I11I-B
intermediates arise from a non-specific oxidation of the 2S ensemble to non-
natively bonded 3S species and the subsequent reshuffling into 3S species

containing native disulfides.
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Paper Il and IV: In vivo and in vitro SPC-SH3 aggregation correlates with the

thermodynamic and kinetic stabilities
Paper Il:

- A set of 23 SPC-SH3 variants showing differential in vivo solubility has been
classified into three groups: a) mutants with similar distribution between the
soluble and insoluble fractions; b) variants that principally remained in the

insoluble fraction; and c) variants that mainly remained soluble.

- The experimental solubility of the mutants cannot be correlated with the
physicochemical parameters of the primary sequence neither the predicted
aggregation propensities, suggesting that the deposition of the SPC-SH3 variants

might be initiated from partially unfolded species.

- The thermodynamic stability of the variants clearly correlated with their in vivo
deposition. Interestingly, a tight association was observed between the
distribution of the protein in the soluble/insoluble fractions in cellular lysates
and their in vitro aggregation, indicating that both phenomena are modulated

by the conformational stability.

- Overall, this work demonstrates how the stability of native states prevents the
unfolding and aggregation of globular proteins. A good strategy to delay the
progress of depositional diseases might be the stabilization of native globular

proteins.
Paper IV:

- In vivo protein aggregation correlates best with unfolding kinetic barriers than

with folding activation free energies.

- We have used a SPC-SH3 mutant displaying random coil structure to
demonstrate that, in this case, deposition occurs from essentially unfolded
species, suggesting that the global aggregation rates can not be faster than the

ones for unfolding.
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- A good strategy to reduce or avoid in vivo protein deposition in small globular
proteins would consist in lowering the cell growth temperature, since the

aggregation rates are positively correlated with temperature.

- Pulse proteolysis indicates that the conformational and aggregational properties
inside the cell and in vitro are similar, validating thus in vitro studies to

approximate in vivo conditions.

- Overall, it can be concluded that the main factor controlling protein deposition

in this model system is the thermodynamic stability at equilibrium.

Paper lll: Overlapping aggregation regions and interaction surfaces in disease-

related proteins

- Using computational methods, a stricking spatial coincidence has been found
between the aggregation-prone regions and the interaction surfaces in the

quaternary structure of amyloidoses-related proteins.

- The overlap between amyloidogenic regions and protein-protein interaction

sites was also observed in proteins not related to disease.

- These results suggest that the formation of native complexes might compete
with the deposition of the monomeric species, proposing that the acquisition of
the native conformation in oligomeric proteins might be a protective strategy

against aggregation.

- Several depositional diseases are related to mutations which affect the interface
or the stability of protein complexes. Hence, the stabilization of protein
interfaces appears as a promising approach to prevent the conversion of

globular proteins into toxic assemblies.

Paper V: Transition between the soluble and amyloid states of a small all-a

domain

- The stability of the URN1-FF soluble species is strongly affected by the pH, as

observed by thermal and chemical denaturation assays. The species present
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under acidic conditions exhibit essentially molten-globule like and partially

unfolded conformations.

Mild denaturation at low pH and physiological temperature induces the

formation of URN1-FF ordered amyloid fibrils.

The exposure of hydrophobic patches to solvent in globule-like conformations
does not suffice to enable the conversion from native a-helices to B-sheet
structures. This conversion needs at least the presence of partially unfolded
conformations. However the formation of B-sheet amyloid aggregates does not

require the population of a large amount of unfolded species at equilibrium.

Limited proteolysis experiments revealed significant conformational flexibility in
helix 1 and helix 3 of URN1-FF at low pH and computational approaches
suggested helix 1 being the main aggregation-prone region, as well as the

segment with the highest a-helical propensity.

The dissection of this domain into its secondary structural elements has
demonstrated that helix 1 plays a major role in controlling the conformation and

solubility of this domain.
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Leech carboxypeptidase inhibitor (LCI) is a 67-residue, tight-binding metal-
locarboxypeptidase inhibitor composed of a compact domain with a five-
stranded PB-sheet and a short a-helix that are strongly stabilized by four
disulfide bonds. In this study, we investigated the contribution of each
particular disulfide to the folding, stability and function of LCI by cons-
tructing a series of single and multiple mutants lacking one to four disulfide
bonds. The results allow a better understanding of how individual disulfide
bonds shape and restrict the conformational space that LCI must explore
before attaining its native conformation. The work also dissected the role
played by intramolecular rearrangements of disulfides during LCI folding,
providing a new kinetic scheme in which the 2S ensemble suffers a non-
specific oxidation into the 3S ensemble. These 3-disulfide-bonded species
reshuffle to preferentially form III-A and III-B, two major native-like folding
intermediates that need structural rearrangements through the formation
of scrambled isomers to finally render native LCI. The designed multiple
mutants of LCI are unable to fold correctly, displaying a highly unstructured
conformation and a very low inhibitory capability, which indicates the
importance of disulfide bonds in LCI for both correct folding and
achievement of a functional structure. In contrast, the elimination of a single
disulfide bond in LCI only results in a significant reduction of confor-
mational stability, but the mutations have a rather moderate impact on
carboxypeptidase inhibition, allowing the possibility to target the intrinsic
stability and specific activity of LCI independently. In this way, the findings
reported provide a basis for the design of novel variants of the molecule with
improved therapeutic properties.
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Introduction

The covalent link of cysteine residues by disulfide
bonds is vital for the folding, stability and function of
many proteins both in bacteria and in eukaryotes
and is a topic of wide interest in the fields of protein
folding and protein engineering.' > The removal of a
disulfide bond by reduction or substitution for
another amino acid residue usually results in a
significant conformational destabilization of the

(a)

protein.*® In addition, it may have a positive or
negative effect on the folding rate and folding effi-
ciency of the protein by narrowing the folding land-
scape or by leading to kinetically trapped inter-
mediates during the folding reaction.’~!? The term
“oxidative folding” describes the composite process
by which a reduced unfolded protein gains both its
native disulfide bonds (disulfide-bond formation)
and its native structure (conformational folding).1%!4
Numerous studies directed to investigate the oxi-
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Fig. 1. Structure of LCI. (a) Ribbon representation of the three-dimensional structure of native LCL. The four native
disulfide bonds (SS1, Cys11-Cys34; SS2, Cys18-Cys62; SS3, Cys19-Cys43; and SS4, Cys22-Cys58) are shown in yellow
sticks. The N- and C-terminal residues are labeled. The Protein Data Bank accession code for the structure is 1DTV. This
figure was prepared with PyMOL. (b) Amino acid sequence of LCL. Its secondary structure elements and disulfide-bond
pairings are schematically shown above and below the sequence, respectively.
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dative folding of small disulfide-rich proteins
have taken advantage of the particular chemistry of
disulfide-bond formation.'>17 In those studies, the
proteins are initially fully reduced/unfolded and
then allowed to refold in the presence of selected
buffers containing different redox agents. The fold-
ing intermediates that arise during the folding re-
action are subsequently trapped in a time-course
manner by acidification (reversible) or alkylation
(irreversible) and separated by reversed-phase high-
performance liquid chromatography (RP-HPLC),
which makes their further disulfide-bond and struc-
tural characterization possible. The extent of hetero-
geneity of folding intermediates, the predominance
of intermediates containing native disulfide bonds
and native (sub)structures and the presence of
scrambled isomers (fully oxidized species that
contain at least two non-native disulfide bonds) as
intermediates are used to define the mechanism of
oxidative folding of the analyzed protein.'® Surpris-
ingly, a great diversity of folding mechanisms have
been observed among small disulfide-rich proteins,
even for those containing similar disulfide-bond
patterns and three-dimensional structures.'®?” At
the two extremes of this diversity we find bovine
pancreatic trypsin inhibitor (BPTI) and hirudin, two
well-known serine protease inhibitors. BPTI folds
through a limited number of disulfide intermediates
adopting native disulfide pairings and native-like
structures that funnel the folding reaction toward
the native protein and prevent the accumulation of
scrambled isomers.?'?? In contrast, the folding of
hirudin shows a high degree of heterogeneity of
intermediates, including an extensive population
of scrambled isomers that act as major kinetic traps
slowing the folding reaction.”>* Other proteins, such
as leech carboxypeptidase inhibitor (LCI), display
both similarities and dissimilarities to the folding of
BPTI and hirudin, owing to the presence of both
native-like intermediates and scrambled isomers.***

LCI is a 67-residue cysteine-rich protein isolated
from the medical leech Hirudo medicinalis that inhi-
bits metallocarboxypeptidases (MCPs) of the A/B
subfamily (M14A, according to the MEROPS
database) with nanomolar affinity.”® The three-
dimensional structure of LCI shows that it folds in a
compact domain consisting of a five-stranded anti-
parallel B-sheet and a short a-helix that are strongly
stabilized by the presence of four disulfide bonds (Fig.
1).* LCI is a potent inhibitor of plasma carboxypep-
tidase B, also known as CPU or thrombin-activatable
fibrinolysis inhibitor, a molecular link between blood
coagulation and fibrinolysis.*>*' Assuming that
leeches secrete LCI during feeding, the inhibitor
could help maintain the liquid state of blood by
inhibition of thrombin-activatable fibrinolysis inhibi-
tor. Indeed, our group has recently tested the in vitro
profibrinolytic activity of LCI and demonstrated its
possible use as an enhancer of the tissue-type
plasminogen activator therapy in thrombotic disor-
ders (S. Salamanca et al., unpublished data). Knowl-
edge about the folding and unfolding determinants
of this molecule is essential for the development of

variants with enhanced stability and/or altered
activity. We have previously described the unfolding
pathway and conformational stability of LCI, reveal-
ing that this protein has slow unfolding kinetics and
is highly stable against denaturation.3> We have also
extensively characterized its oxidative folding path-
way, showing a rapid and sequential flow of 1- and 2-
disulfide intermediates that reaches a rate-limiting
step in which two 3-disulfide intermediates (termed
ITI-A and I1I-B) act as major kinetic traps.” These two
intermediates contain only native disulfide bonds
(II-A and III-B lack Cys22—-Cys58 and Cys19-Cys43,
respectively) and need major structural rearrange-
ments through the formation of a heterogeneous
population of 4-disulfide scrambled isomers to
render native LCI. We have recently determined the
nuclear magnetic resonance (NMR) structure of
trapped and isolated III-A,** as well as the crystal
structure of an analog of I1I-B,* reporting that both
intermediates are metastable and contain a native-
like structure that is responsible for their strong
accumulation during the LCI folding reaction. They
display greater flexibility as compared with the
native form, especially at the regions surrounding
the free cysteines (or alanines in the analog),
however. In this study, we examined the effect of
disulfide-bond removal on the folding, stability and
function of LCI using site-directed mutagenesis to
replace each cystine with a pair of alanine residues.

Results

To study the contribution of the four disulfide
bonds to the folding, stability and function of LCI,
we constructed seven mutant proteins in which
single or multiple disulfide bonds were disrupted by
Cys— Ala mutations (Table 1). They include the
mutants lacking one of the four native disulfide
bonds of LCI (LCI_1 to LCI_4), a double mutant
lacking the two native disulfide bonds absent in the
HI-A and III-B intermediates of wild-type (WT) LCI
folding (LCI_3/4), a triple mutant displaying only
the Cys11-Cys34 disulfide bond (LCI_2/3/4) and a
mutant lacking the four native disulfide bonds of the
inhibitor (LCI_1/2/3/4). The mutant and WT forms
were expressed using Escherichia coli cells harboring
a plasmid containing the OmpA signal peptide for

Table 1. LCI mutant proteins constructed in this work

Missing disulfide

Name bond(s) Mutations

LCIL1 SS1 C11A/C34A

LCI 2 SS2 C18A/C62A

LCL3 SS3 C19A/C43A

LCI 4 SS4 C22A/C58A

LCI_3/4 SS3, SS4 C19A/C43A,
C22A/C58A

LCI_2/3/4 SS2, SS3, SS4 C18A/C62A, C19A /C43A,
C22A/C58A

LCI_1/2/3/4 SS1,SS2,SS3,554 C11A/C34A, C18A/C62A,

C19A/C43A, C22A/C58A
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Fig. 2. Oxidative folding of WT and LCI_2, LCI_3 and LCI_4 mutants. RP-HPLC traces of the acid-trapped intermediates
that occur along the oxidative folding of different LCI variants. The reactions were carried out in Tris-HCI buffer, pH 8.5, in
the absence (Control —) and in the presence (Control +) of 0.25 mM 2-mercaptoethanol or a mixture of GSSG and GSH (0.5
and 1 mM) as detailed in Materials and Methods. The retention times of the native (N) and fully reduced /unfolded (R) forms
are labeled. III-A and III-B are two native 3-disulfide intermediates of the oxidative folding of WT LCI.

periplasmic expression and were purified by a
combination of three chromatography steps that
rendered soluble proteins with purity greater than
95% as described in Materials and Methods. About
3 mg/1 of protein was obtained for WT LCI. How-
ever, the expression yields of the single and multiple
LCI mutants were much lower (10-50 times) de-
pending on the identity of the mutated disulfide
bond: WT>LCI_3>LCI_2>LCI_4>LCI_1>LCI 3/
4>1CI_2/3/4~LCI_1/2/3/4.

Oxidative folding of WT and LCI mutants

Fully reduced and unfolded WT, LCI_1, LCI_2,
LCI_3, LCI_4 and LCI_3/4 forms were allowed to

refold in Tris-HCI buffer, pH 8.5, in the absence
(Control —) and in the presence (Control +) of
either 2-mercaptoethanol or a mixture of oxidized
glutathione and reduced glutathione (GSSG and
GSH). The intermediates arising along the folding
reaction of the WT and mutant proteins were
trapped by acidification or alkylation at selected
time points and further analyzed by RP-HPLC and
matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) to
investigate their chromatographic behavior and
disulfide-bond content, respectively. A high degree
of heterogeneity of intermediates was observed at
the beginning of the folding process of WT LCI (up
to 8 h), with similar RP-HPLC profiles observed

Fig. 3. Disulfide species in the oxidative folding of WT and LCI_2, LCI_3 and LCI_4 mutants. Folding was performed
in Tris-HCl buffer, pH 8.5, in the absence (Control —) and in the presence (Control +) of 0.25 mM 2-mercaptoethanol or a
mixture of GSSG and GSH (0.5 and 1 mM). The percentages of disulfide species were determined by alkylation with 4-
vinylpyridine and subsequent analysis by MALDI-TOF MS as detailed in Materials and Methods. XS represents an
ensemble of species with an X number of disulfide bonds. The recovery of the native LCI variants is represented by bars
and was calculated from the peak areas in the corresponding RP-HPLC chromatograms.
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Fig. 4. Oxidative folding of LCI_1 and LCI_3/4 mutants. RP-HPLC traces of the acid-trapped intermediates that occur along the oxidative folding of different LCI variants. The
reactions were carried out in Tris-HClI buffer, pH 8.5, in the absence (Control —) and in the presence (Control +) of 0.25 mM 2-mercaptoethanol or a mixture of GSSG and GSH (0.5
and 1 mM). The retention times of the native (N) and fully reduced /unfolded (R) forms are labeled. III-A and III-B are two native 3-disulfide intermediates of the oxidative folding

of WT LCL
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regardless of the presence of thiol catalyst (see Fig.
2, Control — and Control +). The folding reaction
was shown to undergo a sequential flow through
the formation of 1-, 2- and 3-disulfide intermedi-
ates that ended up with a strong accumulation of
two native 3-disulfide intermediates, III-A and III-
B (Fig. 2). The last step of folding was character-
ized by the occurrence of a heterogeneous popula-
tion of 4-disulfide intermediates that needed the
presence of 2-mercaptoethanol or GSH to reshuffle
their non-native disulfide bonds and efficiently
render native protein. The addition of oxidizing
reagent (GSSG) strongly accelerated the folding
rate, promoting the coexistence of both 3-disulfide
intermediates (III-A and III-B) and a mixture of 4-
disulfide scrambled isomers as major kinetic traps
of the reaction.

Of the five LCI mutants that were analyzed in
terms of oxidative folding, only LCI_2, LCI_3 and
LCI_4 were able to acquire a native-like state (Fig. 2),
although they followed different folding mecha-
nisms. LCI_2 and LCI_4 folded through hetero-
geneous populations of 1- and 2-disulfide inter-
mediates, leading to the accumulation of a complex
population of 3-disulfide scrambled isomers that
slowed the folding rate (Fig. 2). As in the case of WT
LCI, only the presence of thiol catalyst could pro-
mote disulfide-bond rearrangements toward the
native disulfide-bond pairing and native-like struc-
ture. However, for LCI_4, the folding process was
not very efficient and only approximately 50% of the
protein was recovered as native form after treatment
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with GSSG/GSH for 24 h (Fig. 3). In contrast, LCI_3
rapidly folded through smaller populations of 1-
and 2-disulfide intermediates and a low percentage
of 3-disulfide scrambled isomers, as indicated by
the slight effect exhibited by the addition of thiol
catalyst (Figs. 2 and 3). Again, the presence of
oxidizing reagent (GSSG) strongly speeded the
folding rate by acceleration of disulfide-bond form-
ation. The absence of a strong kinetic barrier in the
folding reaction of this mutant (i.e., the reshuffling
of scrambled isomers into the native protein)
accounted for an extremely efficient process with
more than 90% of native protein recovered after 24 h
in the absence of redox agents (Control —).

LCI_1 and LCI_3/4 could not reach any predo-
minant conformation, not even after incubation with
GSSG/GSH for 48 h (Fig. 4). LCI_1 folding under-
went a sequential formation of 1-, 2- and 3-disulfide
intermediates, leading to the accumulation of a
highly heterogeneous population of scrambled iso-
mers that could not rearrange into any native-like
state. The case of the double mutant was similar to
that of LCI_1 and only differed in the amount of
occurring intermediates, which were more reduced
owing to the lower number of possible disulfide
species. The initial formation of 1-disulfide inter-
mediates was followed by the final accumulation of
three major 2-disulfide scrambled isomers that
could not evolve into any predominant form (see
GSSG/GSH condition in Fig. 4). The expression of
LCI_2/3/4 and LCI_1/2/3/4, containing one and
no disulfide bond, respectively, rendered a unique
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Fig. 5. Effect of denaturant on
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conformation. Nevertheless, both mutants eluted in
the RP-HPLC in a position close to that of the fully
reduced /unfolded form of WT LCI (data not
shown), suggesting a high degree of hydrophobicity
and low compactness. On the other hand, the native-
like forms of LCI_2, LCI_3 and LCI_4 eluted at time
points located between those of the native and fully
reduced /unfolded forms of WT LCI, pointing to a
medium degree of hydrophobicity and compactness.

As previously reported,” the addition of low
concentrations of denaturant strongly accelerates
the folding of WT LCI by diminishing the accumula-
tion of the native-like intermediates III-A and III-B,
which act as kinetic traps of the reaction. The oxi-
dative folding of the three LCI mutants that could
achieve a native-like conformation, LCI_2, LCI_3
and LCI_4, was examined using 0.5 M guanidine
hydrochloride (GdAnHCI) both in the absence (Con-
trol —) and in the presence (Control +) of thiol
catalyst. While the folding of LCI_2 and LCI_4 was
slightly affected by the addition of the denaturant
(Fig. 5), the formation of native LCI_3 was strongly
accelerated by its presence.

Reductive unfolding and disulfide scrambling of
WT and LCI mutants

The reductive unfolding of the native form of WT,
LCI_2, LCI_3 and LCI_4 was studied in Tris—HCl
buffer, pH 8.5, using increasing concentrations of
dithiothreitol (DTT) as reducing agent to test the
stability of their disulfide bonds.3¢3” The mixtures
were trapped in a time-course manner by acidifi