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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 assemblies. 

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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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, 



INTRODUCTION 

5 

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: 

NU
F

U

k

k
   

where the equilibrium constant and the free energy associated are defined as;  

 
  eqUN

U

F
eq kRTG

k

k

U

N
k ln;    

Entropic  and  enthalpic  contributions  determine  the  free  energy  of  the  system 

according to the following equation: 

STHG UN    

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  (∆GN‐U)  (figure 1A). Energetic 

barriers  for  folding  (∆GTS‐U)  and  unfolding  (∆GN‐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: 

   )()( Dm
U

Dm
Fobs

UF ekekk    

where kF and kU are the rate constants at different denaturant concentrations ([D]) 

for  folding and unfolding  reactions,  respectively. The  logarithm of kobs  is assumed  to 

depend  linearly on  the denaturant concentration,  resulting  in  the slopes mF and mU, 

known as the kinetic m‐values (figure 1B).  

 
 

U

N

Reaction Coordinate

E
n

e
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y

∆GN-U

TS

∆GN-TS∆GTS-U

 
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 (∆GN‐U) is the difference between the energetic barrier for unfolding (∆GN‐TS) and the 

energetic barrier  for  folding  (∆GTS‐U). B Schematic Chevron plot diagram. The circles represent the experimental kobs at different 

concentrations of denaturant. The CM value is the denaturation midpoint. kF
H2O and kU

H2O 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: mF 

and mU.  

 

 

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. 

B A 
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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. 

 

 

 
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). 

 

 

 
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. 
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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 
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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). 

 

 

 
Figure 4. Comparative folding of small disulfide‐rich proteins. R and N indicate the reduced and native forms, respectively. 1S, 2S, 

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 
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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,  β1‐  and  β3‐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 
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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 
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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  II 

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 

a  typical  “cross‐β”  X‐ray  fiber  diffraction  pattern  corresponding  to  highly  ordered 

structures where intermolecular β‐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), β2‐microglobulin (β2m) (Gosal et al., 

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

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‐β 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):  

AUF
AU

F

kk

k
  

kF, 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 β‐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).  

 

 
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 

quaternary structure (Chiti and Dobson, 2009).  

 

 

 

 

 

 

 

 

 

 

A well studied protein model  for native state amyloid aggregation  is  the Sso AcP 

(Bemporad  and  Chiti,  2009).  This  α/β  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., 

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, I and N* states are able to self‐assemble 

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

and Dobson, 2009).
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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  β‐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  β‐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). 

 

 

 
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  β‐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  β2m  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 II 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, 
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2002, Wickner et al., 1999). Interestingly, recent data shows that some chaperones are 

able to re‐dissolve protein aggregates (Lee et al., 2004). 

 

 
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  β‐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‐β peptide (Aβ) IBs to seed the fibrillar process (Morell et al., 2008).   

 These  intracellular  aggregates  are  dense,  porous,  hydrated  and  apparently 

amorphous structures of about 1 μm 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 β‐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 Aβ 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  years,  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 α‐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, Ivanova et al., 2004), and they correspond to 

specific regions enriched in aliphatic and aromatic residues (Val, Leu, Ile, 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 β‐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 β‐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 α‐helical and 

β‐sheet  structure,  and  overall  charge.  The  empirical  formula  obtained  allows 

indentifying  the  propensity  to  form  β‐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  β‐sheet  aggregation  by 

analyzing the propensity of each residue to acquire different structural elements, such 

as α‐helix, β‐turn, β‐sheet aggregation and α‐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  β‐sheet 

aggregates and ordered amyloid‐like deposits (Maurer‐Stroh et al., 2010). 

The  SALSA  algorithm  was  generated  to  locate  regions  with  high  β‐strand 

propensity, assuming that formation of fibrillar aggregates is strongly associated to β‐

strand formation (Zibaee et al., 2007).  

A  large set of punctual mutants of amyloid β‐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‐β  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  β‐sheet.  In  contrast  to most  other methods,  PASTA 

algorithm  is able  to  identify whether  β‐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 β‐sheets  in the PDB database and determines the 

preference for each pair of amino acids to be hydrogen bonded in a β‐sheet, assuming 

that the sequence not only determines the secondary structure, but also the assembly 

of individual β‐strand into ordered β‐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,  Ileu, 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 β‐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 (Å) 

or in terms of accessible surface area (ΔASA). 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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SHARP2  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 

(SHARP2).  

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 (LCI)  

LCI  is  a  powerful  competitive  inhibitor  of  different  types  of  pancreatic‐like 

carboxypeptidases:  A1;  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  β‐sheet  and  a  short  α‐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 LCI 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.  

 

 

 

 

 

 

 

 

 

 

 

 

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 (III‐A and III‐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 1H NMR spectroscopy (Arolas et 

al.,  2004).  By  CD  spectroscopy,  the  III‐A  intermediate  shows  a  high  percentage  of 

residues in β‐structure similar to that of the native conformation. On the contrary, the 

CD spectra of  the  III‐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 III‐A and III‐B forms, and scrambled  isomers. The 1H NMR spectra 

of native  LCI  and  III‐A  intermediate display  very  similar  signal dispersion,  suggesting 

the properly folding of these species. However, III‐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 III‐A intermediate by NMR (Arolas et al., 2005a), and 

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

 

7.2 ‐ SH3 domain of α‐spectrin protein (SPC‐SH3)  

The  conformational  stability  and  folding  mechanism  of  the  SH3  domain  of  α‐

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 

β‐sandwich  with  a  short  310  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 (Sadqi et al., 1999). The role of the hydrophobic core and the distal β‐hairpin 

in  its  conformational  stability  has  been  carefully  studied  (Viguera  et  al.,  1996, 

Grantcharova  et  al.,  1998),  describing  the  310  helix  and  the  β‐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, Ala11, 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  α‐spectrin SH3 domain  (PDB 1SHG). The green backbones  correspond  to  the  residues at  the 

hydrophobic core. Residues in the distal β‐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  II, 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  α‐helix  fold 

(α1‐α2‐310‐α3) (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 α1‐α2‐310‐α3 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 LCI protein. 

 

Paper II 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 III: 

- 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 α‐helices into amyloid β‐sheet 

structures using the all‐α 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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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 LCI 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  III‐B  and  III‐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 LCI 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 LCI 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  III‐A  and  III‐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  III‐A and  III‐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  II  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  III,  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 



DISCUSSION 

44 

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  III: 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. β2m protein can form an 

extracellular ternary complex with the HLA heavy chain, or inside the cell β2‐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 Å 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 Å  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  IPI  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 Aβ 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‐α 

domain 

 

The transition between all‐α and amyloid structures underlies the onset of several 

human neurodegenerative disorders.  In  the present work, we have used  the all‐α FF 

domain of yeast URN1 as a model system and a battery of biophysical techniques to 

analyze  the  conformational  conversion  of  native  α‐helices  into  amyloid  β‐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  β‐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 α‐helical content without detection of the formation of 

β‐sheet structures for 24h, revealing that they are at  least metastable. At pH 3.0 and 

2.5, the protein keeps essentially the same α‐helical content than the native protein, 

however  thermodynamic  data  indicate  that  the  protein  is  destabilized  in  these 

conditions. At pH 2.0, the α‐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 α‐helical structures might become 

a useful approach to modulate the aggregation of disease‐linked polypeptides. 
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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‐α  protein  into 

amyloid β‐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  β‐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 β‐sheets intermolecular contacts leading to 

aggregation.  
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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 III‐B and III‐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  LCI  folding  pathway:  III‐A  and  III‐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  II  and  IV:  In  vivo  and  in  vitro  SPC‐SH3  aggregation  correlates with  the 

thermodynamic and kinetic stabilities 

Paper II: 

- 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. 



CONCLUDING REMARKS 

57 

- 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  III: 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‐α 

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  α‐helices  to  β‐sheet 

structures.  This  conversion  needs  at  least  the  presence  of  partially  unfolded 

conformations. However the formation of β‐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 α‐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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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.1–3 The removal of a
disulfide bond by reduction or substitution for
another amino acid residue usually results in a
significant conformational destabilization of the
Fig. 1. Structure of LCI. (a) Ribbon representation of the t
disulfide bonds (SS1, Cys11–Cys34; SS2, Cys18–Cys62; SS3, C
sticks. The N- and C-terminal residues are labeled. The Protein
figure was prepared with PyMOL. (b) Amino acid sequence o
pairings are schematically shown above and below the seque
protein.4–8 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.9–12 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).13,14
Numerous studies directed to investigate the oxi-
hree-dimensional structure of native LCI. The four native
ys19–Cys43; and SS4, Cys22–Cys58) are shown in yellow
Data Bank accession code for the structure is 1DTV. This

f LCI. Its secondary structure elements and disulfide-bond
nce, respectively.



Table 1. LCI mutant proteins constructed in this work

Name
Missing disulfide

bond(s) Mutations

LCI_1 SS1 C11A/C34A
LCI_2 SS2 C18A/C62A
LCI_3 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, SS4 C11A/C34A, C18A/C62A,

C19A/C43A, C22A/C58A

531Role of Disulfide Bonds on LCI Folding and Stability
dative folding of small disulfide-rich proteins
have taken advantage of the particular chemistry of
disulfide-bond formation.15–17 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.18 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.19,20 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.21,22 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.23–25 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.26,27

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.28 The three-
dimensional structure of LCI shows that it folds in a
compact domain consisting of a five-stranded anti-
parallel β-sheet and a short α-helix that are strongly
stabilized by the presence of four disulfide bonds (Fig.
1).29 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.30,31 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.32 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
III-A and III-B) act as major kinetic traps.33 These two
intermediates contain only native disulfide bonds
(III-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,34 as well as the crystal
structure of an analog of III-B,35 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
III-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



Fig. 2. Oxidative folding ofWTand LCI_2, LCI_3 and LCI_4mutants. 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–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 1mM) as detailed inMaterials andMethods. 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.
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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/l 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: WTNLCI_3NLCI_2NLCI_4NLCI_1NLCI_3/
4NLCI_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
Fig. 3. Disulfide species in the oxidative folding of WT and
in Tris–HCl buffer, pH 8.5, in the absence (Control −) and in th
mixture of GSSG and GSH (0.5 and 1 mM). The percentages o
vinylpyridine and subsequent analysis by MALDI-TOF MS
ensemble of species with an X number of disulfide bonds. The
and was calculated from the peak areas in the corresponding
refold in Tris–HCl 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
LCI_2, LCI_3 and LCI_4 mutants. Folding was performed
e presence (Control +) of 0.25 mM 2-mercaptoethanol or a
f disulfide species were determined by alkylation with 4-
as detailed in Materials and Methods. XS represents an
recovery of the native LCI variants is represented by bars
RP-HPLC chromatograms.
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Fig. 4. Oxidative folding of LCI_1 and LCI_3/4mutants. RP-HPLC traces of the acid-trapped intermediates that occur along the oxidative folding of different LCI variants. The
actions were carried out 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
nd 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
f WT LCI.
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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
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
Fig. 5. Effect of denaturant on
the 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–HCl buffer, pH 8.5,
containing 0.5 M GdnHCl in the
absence (Control −) and in the
presence (Control +) of 0.25 mM 2-
mercaptoethanol. 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.
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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,33 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 (GdnHCl) 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.36,37 The mixtures
were trapped in a time-course manner by acidifica-
tion and further analyzed by RP-HPLC. Reduction
of WT LCI underwent an apparent all-or-none me-
chanism in which only low amounts of III-A and III-
B intermediates were detected along the reaction
(Fig. 6). These two species were subsequently
reduced into fully reduced LCI without a significant
accumulation of 2- and 1-disulfide intermediates.
The same reduction behavior was observed at diffe-
rent concentrations of DTT (1–100 mM), with varia-
tions only in the rates of the reduction process. The
analysis also revealed an all-or-none reduction
mechanism for the 3-disulfide LCI mutants, which
however resisted much lower concentrations of DTT
than the WT. The dependence of the fraction of
reduced protein on the reaction time could be fitted
to a single constant first-order reaction (RN0.99) for
LCI_3 and LCI_4 (Fig. 7a and b). A linear depen-
dence of the apparent reductive unfolding rates on
the DTT concentration was observed (Fig. 7c), which
allowed us to calculate average rate constants of
0.129±0.002 and 0.406±0.002 s−1 M−1, for LCI_3
and LCI_4, respectively. The reduction rate of LCI_2
appeared to be in between those of LCI_3 and LCI_4
at any given DTT concentration, but the reactions
could not be fitted to a first-order equation using a
single constant, suggesting a different reduction
mechanism for this mutant.
It is well established that in the presence of

denaturant and thiol initiator, unfolding of a small
disulfide-rich protein is accompanied by reshuffling
of its native disulfide bonds, a process called
disulfide scrambling.38,39 Unfolding of native WT,
LCI_2, LCI_3 and LCI_4 was carried out in Tris–HCl
buffer, pH 8.5, in the presence of increasing con-
centrations of denaturant (urea or GdnHCl) and
0.25 mM 2-mercaptoethanol as thiol initiator. After
reaching equilibrium for 20 h, the reactions were
trapped by acidification and analyzed by RP-HPLC.
The denaturation curves showed that the extent of
unfolding resulting from the equilibrium between
scrambled isomers and the native protein was
clearly dependent upon the strength of denaturant
used (Fig. 8a). Urea required in general higher
concentrations than GdnHCl to denature the native
proteins. The midpoint denaturant concentrations
(cM) were as follows: N8, 2 and 4.2 M for WT, LCI_2
and LCI_3, respectively, and 4.1, 1.0, 1.9 and 0.6 M
GdnHCl for WT, LCI_2, LCI_3 and LCI_4, respec-
tively. Thus, all the mutants are significantly less
stable than the WT form (see thermodynamic
parameters in Table 2). The relative stability of the
Fig. 6. Reductive unfolding of
WT and LCI_2, LCI_3 and LCI_4
mutants. RP-HPLC traces of the
acid-trapped intermediates that
occur along the reductive unfolding
of different LCI variants. The native
proteins were treated with selected
concentrations of DTT in Tris–HCl
buffer, pH 8.5. “N” and “R” stand
for the native and fully reduced/
unfolded forms, respectively. III-A
and III-B are two native 3-disulfide
intermediates that also accumulate
along the oxidative folding of WT
LCI.



Fig. 7. Kinetics of reduction of LCI_3 and LCI_4
mutants. Reduction reactions for (a) LCI_3 and (b) LCI_4
were carried out in Tris–HCl buffer, pH 8.5, containing
0.5 mM (▪), 2 mM (□), 10 mM (●) or 50 mM (○) DTT. The
reactions were fitted to first-order reactions as described in
Materials and Methods. (c) Linear dependence of the
calculated reduction rates from DTT concentration for
LCI_3 (●) and LCI_4 (▪) mutants.
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different LCI mutants is in agreement with their
level of expression and with the percentages of
scrambled isomers obtained after reaching equili-
brium in the presence of thiol initiator and in the
absence of denaturant (Fig. 8b). While the WT form
and LCI_3 do not reshuffle into any scrambled
isomer population, displaying structural unique-
ness, LCI_2 and LCI_4 reshuffle into 10% and 45% of
scrambled isomers, respectively, with Keq′ values of
0.1 and 0.45.

Conformational properties of WT and LCI
mutants

The structural features of the native forms of WT
and LCI mutants were analyzed by circular dichro-
ism (CD) and NMR spectroscopy. The CD spectrum
of the native WT LCI displays a well-defined
minimum in ellipticity at 208 nm and a maximum
at 228 nm, whose signal has been shown to correlate
with the degree of unfolding of the protein.35 The
shape of the CD spectrum of LCI_3 is similar to that
of WT LCI (Fig. 9a), except for a slight decrease in
the intensity of the 228-nm maximum. The decrease
in the intensity of this signature is more pronounced
for LCI_4 and LCI_2, being especially significant the
complete lack of the maximum and minimum of
ellipticity of LCI_2/3/4 and LCI_1/2/3/4, which
show a CD spectrum close to that of random-coil
polypeptides. These results are further supported by
NMR spectroscopy. The one-dimensional NMR
spectrum of WT LCI displays a wide signal disper-
sion of resonances at both low (amide and aromatic
region) and high (methyl region) fields, with good
peak sharpness, characteristic of a folded molecule.
The spectra of LCI_2, LCI_3 and LCI_4 show a lower
dispersion of resonances at the amide region
(Fig. 9b), mainly in the case of LCI_4, and those of
LCI_2/3/4 and LCI_1/2/3/4 exhibit clear band
broadening and peak collapse around 8 ppm.
Altogether, these data indicate a partially folded
conformation for the single mutants and a mostly
unstructured conformation for the multiple
mutants.
The conformation of LCI_1/2/3/4 was also

assessed by fluorescence spectroscopy. The fluores-
cence spectrum of LCI is dominated by the
contribution of two Tyr and two Trp residues
(Tyr9, Tyr29, Trp42 and Trp50) buried in the interior
of the protein that give an emission maximum at
350 nm (Fig. 9c).35 The comparison of the spectrum
of WT LCI with that of the multiple mutant reveals
an unfolded conformation for the latter, which is
supported by a red shift to 355–360 nm and a strong
increase of intensity in the fluorescence emission. To
test whether LCI_1/2/3/4 displays any residual
structure, we incubated it with bis-ANS [4,4'-bis(1-
anilinonaphthalene-8-sulfonate)]. The dye binds to
hydrophobic surfaces from partially folded inter-
mediates with much higher affinity than to native
or completely unfolded proteins,40 resulting in an
increase and a blue shift of bis-ANS fluorescence
emission. A 6-fold increase in bis-ANS fluorescence
intensity and a strong shift toward lowerwavelengths
of the emission maximum were detected for LCI_1/
2/3/4 (Fig. 9d), indicating the presence of hydro-
phobic clusters exposed to solvent. These



Fig. 8. Disulfide scrambling of
WT and LCI_2, LCI_3 and LCI_4
mutants. (a) The denatured frac-
tion of the different LCI variants
was calculated as the percentage
of native protein converted into
scrambled isomers. WT LCI (◆),
LCI_2 (▴), LCI_3 (▪) and LCI_4
(●) were denatured in the presence
of increasing concentrations of
GdnHCl (filled symbols) or urea
(open symbols) for 20 h at room
temperature in Tris–HCl buffer,
pH 8.5, containing 0.25 mM 2-
mercaptoethanol as thiol initiator.
(b) RP-HPLC traces of the acid-
trapped scrambled isomers gener-
ated by disulfide scrambling. The
native form ofWTand LCI_2, LCI_3
and LCI_4 mutants was incubated
for 20 h in Tris–HCl buffer, pH 8.5,
containing only 0.25 mM 2-mercap-
toethanol. The retention time of the
native (N) forms is labeled.
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hydrophobic surfaces are more protected in the WT
structure as evidenced by its lower affinity for bis-
ANS. Also, the bis-ANS signal of LCI_1/2/3/4 at
increasing temperature exhibits a linear decrease
without any detectable cooperativity (data not
shown).

Inhibitory activity of WT and LCI mutants

WT LCI is a tight-binding competitive inhibitor of
MCPs of the A/B subfamily with an inhibition
constant (Ki) against bovine CPA (carboxypeptidase
A; the archetypal MCP) in the nanomolar range
(Table 3). The Ki values of the LCI mutants showed
that LCI_2 and LCI_3 have an inhibitory potential
similar to that of WT LCI. In contrast, LCI_4 suffered
a significant loss of inhibitory activity with a Ki
about 10 times higher than the WT value. LCI_2/3/
4 and LCI_1/2/3/4 inhibited the bovine CPA with
very low affinity, with a Ki in the micromolar range.
On the other hand, long-term inhibitory assays con-
Table 2. Thermodynamic properties of unfolding of the
WT and LCI single mutants

ΔG
(kcal mol−1)

m (kcal
mol−1 M−1) cM (M)

ΔΔGWT–mut
(kcal mol−1)

LCI_2 urea 1.5±0.42 0.76±0.06 2.0
LCI_3 urea 2.9±0.33 0.68±0.08 4.2
WT GdnHCl 4.7±0.41 1.16±0.11 4.1
LCI_2 GdnHCl 1.6±0.29 1.37±0.29 1.0 −3.1
LCI_3 GdnHCl 2.9±0.28 1.53±0.12 1.9 −1.8
LCI_4 GdnHCl 1.0±0.39 1.71±0.17 0.6 −3.7

The errors shown correspond to the fitting errors.
ducted with LCI_3 revealed that this mutant dis-
plays a dissociation constant about 3 times higher
than that in the WT form.
Discussion

Contribution of disulfide bonds to the conforma-
tional stability of LCI

One of the most intriguing properties of LCI
folding is the role played by intramolecular rear-
rangements of disulfides during folding and how
this correlates with the formation/disruption of its
structure, conformational stability and function. LCI
consists of a five-stranded antiparallel β-sheet with a
β3–β1–β2–β5–β4 topology and a short α-helix that
packs onto the most compact part of the β-structure.
Three disulfide bonds (Cys11–Cys34, Cys18–Cys62
and Cys22–Cys58) sustain the structure of the β-
sheet that is covalently connected to the α-helix by
the Cys19–Cys43 disulfide bond. In this work, we
have analyzed the stability of LCI mutants using
the disulfide scrambling technique. The quantitative
conversion of the native proteins to scrambled
forms reflects their conformational stability and
approaches to physiological conditions in which
thiol catalysts are likely to be present. Elimination of
disulfide bonds in LCI invariably results in a strong
reduction in the conformational stability of the
protein. Disulfide bonds are proposed to stabilize
proteins by decreasing the conformational entropy
of the denatured state.41 The expected stabilization
of the unfolded state and therefore the



Fig. 9. Conformational properties of WT and LCI mutants. (a) Far-UV CD analyses of WT and LCI mutants were
carried out at 25 °C in Tris–HCl buffer, pH 7.5, using a final protein concentration of 0.2 mg/ml. (b) One-dimensional
NMR spectra of WT and LCI mutants were recorded at 25 °C and 600 MHz in Tris–HCl buffer, pH 7.5, using a protein
concentration of 1.5 mg/ml. (c) Fluorescence emission analysis of WT and LCI_1/2/3/4 carried out at 25 °C in Tris–HCl
buffer, pH 7.5, using 13 μMprotein concentration. The excitation wavelength was set at 280 nm. (d) Fluorescence emission
spectra of bis-ANS collected in the absence and in the presence of WT and LCI_1/2/3/4 at 25 °C. The excitation
wavelength was set at 370 nm.
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destabilization of a disulfide-containing protein
upon removal of one or more covalent links can be
calculated using the Wang–Uhlenbeck formula for
loop entropy. 42 The predicted ΔΔGWT–mut provides
a framework to rationalize the effects of disulfide-
bond removal on LCI conformation and folding.
Table 3. Ki values of the native forms of WT and LCI
mutants against bovine CPA

Ki (nM)

WT 1.1±0.2
LCI_2 2.1±0.3
LCI_3 2.4±0.3
LCI_4 12.6±0.5
LCI_2/3/4 3400±225
LCI_1/2/3/4 6500±240
The stability of WT LCI in the presence of a thiol
agent is 4.7 kcal/mol. Mutants destabilized by a
significant gain of loop entropy higher than this
value are not expected to fold into a compact and
unique structure. Accordingly, CD and NMR data
clearly indicate that removal of more than two
disulfide bonds in LCI results in unfolding toward
mostly unstructured conformations in which the
specific interactions among aromatic residues, char-
acteristic of the native state of the inhibitor, are
completely lost. In contrast to WT LCI, LCI_1/2/3/
4 is able to significantly bind bis-ANS, indicating the
presence of hydrophobic clusters exposed to solvent
in this mutant. Nevertheless, the contacts sustaining
these clusters appear to be non-specific since they
are rapidly lost in a non-cooperative manner upon
heating; also, the intrinsic fluorescence spectrum of
Tyr and Trp residues indicates that their side chains



Table 4. Stabilization (ΔΔG) of the unfolded state
expected for each LCI mutant with respect to the WT at
25 °C based on loop entropy (in kcal mol−1)

Wang–Uhlenbeck model Creighton model

LCI_1 2.79 3.34
LCI_2 3.36 3.98
LCI_3 2.83 3.17
LCI_4 3.19 3.80
LCI_3/4 6.01 6.98
LCI_2/3/4 9.37 10.97
LCI_1/2/3/4 12.16 14.34
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are fully accessible to solvent. Individual disulfide
bonds SS3 (Cys19–Cys43) and SS4 (Cys22–Cys58)
are missing in the major LCI folding intermediates
(III-B and III-A, respectively), although they attain a
folded conformation.33 Loop entropy considerations
predict that LCI_3/4 would be destabilized by
about 6 kcal/mol and therefore would be unstruc-
tured, in spite of conserving the two disulfide bonds
shared by the two major LCI folding intermediates.
In this regard, the double mutant cannot fold into a
preferential conformation and a heterogeneous
population of 2S species is formed. The distribution
of the LCI_3/4 2S species at equilibrium is inde-
pendent of the presence of redox agents, which, as
discussed in the next section, indicates that there is
no preferential non-covalent interaction driving the
formation of these species.
The predicted entropic destabilizations for the

single LCI mutants suggest that they should be at
least partially folded. In agreement with this pre-
diction, we have shown that III-A and III-B inter-
mediates display a native-like conformation and
function. No stable intermediate lacking disulfide
SS1 (Cys11–Cys34) or SS2 (Cys18–Cys62) has been
detected to accumulate during the LCI folding
reaction, and therefore their conformational proper-
ties are unknown. If only unfolded-state entropic
considerations are taken into account, about
0.6 kcal/mol should separate the most and least
stable mutants. However, the experimental data are
in contradiction with this proposal: LCI_1 is unable
to fold into a unique conformation and LCI_4 and
LCI_3 are, respectively, less and more stable than
they should be according to the entropic gain in their
respective unfolded states. This indicates that apart
from entropic factors, other forces influence the
stability of single LCI mutants. To address this
discrepancy, we have used the FoldX† force field
developed by Guerois et al.43 and Schymkowitz et
al.44 to predict stability changes in the single LCI
mutants and the precise energy terms accounting for
them. In this algorithm, the stabilization of the
unfolded state by disulfide-bond removal is calcu-
lated using the logN rule of Darby and Creighton.45

There is a good correlation between these values and
those calculated with the Wang–Uhlenbeck app-
roach (Table 4).
FoldX accurately predicts the rank and relative

differences in stability for those LCI mutants able to
fold into a predominant conformation (LCI_2, LCI_3
and LCI_4). A minor destabilization, relative to the
WT form, is predicted for LCI_3 (−0.10 kcal/mol),
whereas a striking loss of stability is predicted for
LCI_4 (−4.17 kcal/mol). LCI_1 and LCI_2 are
predicted to have intermediate stabilities (losses of
−2.03 and −2.48 kcal/mol, respectively). Apart from
the gain in entropy in the unfolded state, the main
destabilizing effect appears to be a reduction of the
van der Waals contributions, linked to the formation
of cavities inside the protein due to the smaller
†http://foldx.crg.es/
volume of Ala side chains (Fig. 10). These destabiliz-
ing effects are partially compensated by the increase
in entropy of the Ala side chains in the native state,
relative to bonded Cys, in all the mutants. In LCI_3,
according to the energy terms reported by the algo-
rithm, the main stabilizing factor is a reduction of
the energy penalization due to inter- and intraresi-
due steric overlaps relative to the WT protein, which
suggests that the covalent link between the β-sheet
and the α-helix introduces some strain in WT LCI.
Importantly, the crystal structure of LCI_3 shows a
relaxation of the backbone in the residues adjacent
to the Ala mutations, especially in the last turn of the
α-helix, which can significantly contribute to alle-
viate this strain.35 The same effect, although to a
minor extent, is predicted for the disulfide bonds
connecting the highly regular lower part of the β-
sheet. No such strain appears to exist in the less
regular upper part of the β-sheet, and therefore the
entropic destabilizing effect in LCI_4 cannot be
effectively compensated. Accordingly, in the solu-
tion structure of the III-A mutant, lacking the
Cys22–Cys58 disulfide bond, β-strands 2 and 5
connected by this bond adopt essentially the same
structure as in the WT protein.34

The reduction rate for disulfide bonds buried in a
stable folded conformation is nearly always found to
be slow and directly involved in the rate-determin-
ing step of the reductive unfolding reaction.37,46

With the exception of Cys62, all other Cys residues
are deeply buried in the core of WT LCI, accounting
for its high resistance to reduction. The correspond-
ing cross-bridges would be shielded from reducing
agents, such as DTT, except when conformational
fluctuations would expose the disulfides. Thus, the
lower conformational stability of single LCI mutants
makes their disulfides much more reactive to DTT
than the same bonds in the WT form. The linear
dependence of reductive unfolding rates of LCI_3
and LCI_4 on the DTT concentration indicates that
the rate-limiting step of their unfolding reaction is
the reduction of the first disulfide bond. Accord-
ingly, reduction of these mutants undergoes an
apparent all-or-none mechanism in which all three
disulfides are reduced in an apparent cooperative
manner, with no significant accumulation of par-
tially reduced intermediates. In excellent agreement
with their relative conformational stabilities, LCI_4
is reduced 3.1 times faster than LCI_3, which
confirms that this rate-limiting step is sensitive to



Fig. 10. FoldX predicted changes in stability for LCI_1, LCI_2, LCI_3 and LCI_4 mutants relative to WT LCI. The
predicted overall change in stability (“Total energy”) is the result of the contribution of the following: hydrogen-bond
formation between backbone atoms (“Backbone H-bond”), van der Waals interactions (“van der Waals”), electrostatic
interactions (“Electrostatics”), penalization for burying polar groups and solvation of hydrophobic groups (“Solvation”),
clashes between atoms from different residues (“Side-chain clashes”), torsional intraresidue clashes (“Intraresidue
clashes”), entropy cost of fixing side chains (“Entropy side chain”), entropy cost of fixing the backbone (“Entropy main
chain”) and entropy restriction in the unfolded state resulting from disulfide-bond formation/disruption (“Disulfide”).
Other energy terms calculated by the algorithm but not affected by the mutations are not represented.
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conformational changes in the protein. Interestingly,
the reduction reaction of LCI_2, which lacks the
most exposed Cys18–Cys62 disulfide bond, could
not be fitted to a simple first-order reaction and the
accumulation of a higher extent of partially reduced
intermediates was detected, even at high DTT con-
centrations. This suggests that once reduced, the free
thiolates of Cys18 and/or Cys62 might play a
catalytic role in the concerted LCI disulfide reduc-
tion reaction.
An important result derived from the present

study is that the relative stabilities of LCI_3 and
LCI_4 mutants do not agree with those previously
deduced for their III-B and III-A counterparts since
III-A has been shown to be more stable and
structured than III-B.33 This reversion of the
conformational properties of the major LCI folding
intermediates responds to the effect of substituting
free Cys in the intermediates by Ala in the
correspondent analogs. Thus, the greater stability
of III-A relative to LCI_4 may be due to the absence
of a cavity in the hydrophobic core, provided that
the thiols remain protonated. In agreement with
this hypothesis, computation of Cys22 and Cys58
solvent accessibility with the DSSP‡ program indi-
cates that they are totally buried in the solution
structure of the intermediate. Conversely, the lower
stability of III-B relative to LCI_3 may be due to
charged thiolates preventing the packing of the α-
‡http://swift.cmbi.kun.nl/gv/dssp/
helix onto the β-sheet. Unfortunately, no structure of
the III-B intermediate is available. Mutations of
these residues to Ser in the LCI_3 structure were
modeled with FoldX and changes in stability were
calculated to emulate the effect of polar residues in
positions 19 and 43 of III-B. A 1.9-kcal/mol desta-
bilization is predicted, which is in good agreement
with the energetic cost of burying hydroxyl groups
in the core of barnase47 and suggests that the pre-
sence of charged thiolates would be strongly
destabilizing. Cys-to-Ala mutations are considered
the most neutral changes to emulate disulfide dis-
ruption in folding intermediates, especially when
the disulfide bond is buried in the protein core.
However, as deduced from our data, it is advisable
to be cautious when attributing the conformational
and thermodynamic properties of mutants to those
of the correspondent intermediate forms without
any other considerations, since they can be either
overstabilized or destabilized relative to the des
species depending on the accessibility, local envir-
onment or dihedral angles of the considered disul-
fide bond.

Role of disulfide bonds in the folding pathway
of LCI

The data reported in the present and previous
work of our group converge to indicate that the
folding pathway of LCI hinges critically on the pre-
sence of localized stable structures. The different
structural contents of III-B and III-A or LCI_3 and



Fig. 11. Schematic diagram of the oxidative folding of
LCI. (a) Scheme of the folding pathway of LCI as
previously described.33 “R” and “N” indicate the fully
reduced/unfolded and native forms, respectively. 1S, 2S,
3S and 4S are ensembles of molecules with the corre-
sponding number of disulfide bonds. “3S N” stands for 3-
disulfide species with native bonds. III-A and III-B are
formed by direct oxidation of 2S species already contain-
ing two native disulfide bonds. (b) Scheme of the folding
pathway of LCI based on the results derived from the
present work. III-A and III-B arise from a non-specific
oxidation of the 2S ensemble to 3S species and the sub-
sequent reshuffling of these forms into the native-like
intermediates.
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LCI_4 indicate that the accumulation of the major
intermediates along the LCI folding reaction or the
folding of their analogs into stable conformations
relies on their ability to protect their three native
disulfide bonds from rearrangement in the interior
of totally or partially folded structures. In this con-
text, the properties of LCI_2 constitute a paradox
because, despite being conformationally stable, its
des[18–62] counterpart does not accumulate during
the oxidative folding reaction of WT LCI. This
suggests that, as proposed for reductive unfolding,
during refolding, the free thiolates Cys18 and Cys62
might attack other disulfide bonds quickly, causing
the des[18–62] species to rearrange quickly to other
disulfide species. This seems plausible since Cys62,
the most exposed Cys residue in LCI, is found at the
C-terminus and in an edge β-strand, two factors
known to correlate with structural mobility. LCI_1 is
predicted to have a structural stability similar to that
of LCI_2. However, elimination of the Cys11–Cys34
disulfide bond in LCI_1 has the strongest impact on
the LCI folding reaction. LCI_1 folding cannot be
funneled into a single species with native disulfide
connectivity, and the reaction becomes trapped in a
highly heterogeneous population of scrambled
isomers. The replacement of the Cys residues by
Ala probably permits the formation of a non-polar
cavity in the LCI hydrophobic core. The solvation of
this type of cavities is very unfavorable and causes a
remarkable loss of enthalpy in the folded state.48

Accordingly, although FoldX underestimates LCI_1
destabilization, it predicts a higher solvation penalty
for this particular mutant. Also, this disulfide is the
only one connecting the β1 and β3 strands, while the
β4 and β5 strands are connected by three and two
disulfide bonds, respectively. Theoretical calcula-
tions34 suggest that in LCI the hierarchy of disulfide-
bond formation critically depends on the estab-
lishment of a folding nucleus around β1 and the
beginning of β2. Apparently, this folding nucleus
cannot form in the absence of the Cys11–Cys34
disulfide bond, most likely because the 17 N-terminal
residues of β1 and β2 strands become either unrest-
ricted or trapped in a non-native conformation in
these conditions.
Oxidative folding implies two major chemical

reactions: oxidation (disulfide formation) and
isomerization (disulfide reshuffling). Under typical
oxidative folding conditions (Control +), the
disulfide-bonded species interconvert rapidlywithin
each disulfide ensemble by reshuffling; in contrast,
oxidation between disulfide ensembles is relatively
slow. Each disulfide ensemble (1S, 2S, 3S) can be
considered therefore to be in thermodynamic equi-
librium, and the ratios of disulfide forms in each
ensemble should reflect their relative conformational
stability.49 In this situation, in addition to loop
entropy, non-covalent interactions, either native or
non-native, determine the distribution of disulfide
species within a particular ensemble. In contrast, in
the absence of free thiols (Control −), reshuffling
reactions are highly restricted and an entropically
determined quasi-stochastic distribution of disul-
fides species is expected. Comparison of disulfide
profiles of single LCI mutants in the presence and in
the absence of free thiols during the formation of the
1S and 2S ensembles indicates that the distribution of
species does not differ significantly in both con-
ditions for each particular mutant. This implies
that non-covalent interactions do not play an
important role in the early stages of LCI folding,
in good agreement with the prediction that R, 1S and
2S species do not contain an extensive regular
structure.
The present folding analysis of single LCI mutants

demonstrates that scrambled isomers with at least
two non-native disulfide bonds can effectively pop-
ulate their folding pathways and in certain cases
accumulate significantly at the end of the reaction.
These scrambled isomers are productive species
since their disulfides can rearrange to render the
natively connected LCI mutants. This ability is evi-
dent in the case of LCI_2 and LCI_4 folding, where
the presence of thiol agents allowing the reshuffling
of these trapped species in the last stage of folding
clearly increases the yields of natively connected
protein relative to the Control − reaction. This effect
is also observed, although less relevant, in LCI_3
folding. As discussed above, in the presence of thiol
agents, the 3S disulfide ensemble can be considered
to be in thermodynamic equilibrium at the end of the
reaction and the ratios of native to scrambled isomers
should reflect their relative conformational stability.
The native disulfide protection and higher confor-
mational stability of LCI_3 relative to any other 3S
isomer are likely to be the causes of its high accu-
mulation at equilibrium, whereas the less stable and
more flexible LCI_2 and LCI_4 mutants coexist with
scrambled forms. In principle, the 3S scrambled
isomers would form directly by oxidation of the
apparently non-structured and entropically distrib-
uted 2S ensemble and their accumulation would
depend on the stability of the natively bonded forms
that originate from their reshuffling. Accordingly,
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when the native protein conformation is disrupted
(i.e., at high denaturant concentrations), all these
mutants reshuffle rapidly to 3S scrambled forms.
Importantly, the present work questions whether

III-A and III-B originate, at least exclusively, from the
direct oxidation of 2S molecules containing two
native disulfides. Since the analysis of the initial
folding stages suggests that no enthalpic bias toward
the formation of native disulfides exists, only aminor
fraction of the molecules in this population is ex-
pected to display the correct combination of dis-
ulfide bonds. Once demonstrated that 3S non-
natively bonded species can rearrange to render 3S
forms with native disulfides and native-like con-
formations, a more probable mechanism for the
formation of III-A and III-B intermediates would be
the non-specific oxidation of the unfolded 2S
ensemble to 3S species and the subsequent re-
shuffling of these forms into the intermediates (see
Fig. 11). Thus, the folding of LCI appears to follow
the quasi-stochastic model proposed by Saito et al.
for RNase A.50 Similar to the case of LCI_3, the high
stability and/or protection of the native disulfide
bonds in III-A and III-B relative to any other 3S
isomer provides an explanation about why other des
species cannot accumulate significantly.
III-A and III-B are “disulfide-insecure” intermedi-

ates in which the free thiol groups are protected
from the solvent by the secondary structure ele-
ments; therefore, structural fluctuations that expose
the thiol groups also expose the disulfide bonds,
promoting the reshuffling and formation of 4S
scrambled isomers instead of direct oxidation of
the free thiols to obtain the native disulfide pair-
ing.14 The conversion of scrambled species to native
protein constitutes the rate-limiting step in LCI
folding. The new LCI folding scheme might imply
that thiol agents accelerate the LCI folding path-
way by promoting reshuffling not only in the 4S
ensemble but also in the 3S population. This would
be consistent with the increased rate and efficiency
of the LCI folding reactions performed under mild
denaturing conditions. This effect had been pre-
viously attributed to partial unfolding of III-A and
III-B intermediates.33 However, the new data indi-
cate that folded LCI mutants displaying three native
disulfides, with stabilities that overall should re-
semble those of natural intermediates, form effi-
ciently in the presence of moderate concentrations of
chaotropic agents. In fact, the folding pathways of
LCI_2 and especially of LCI_3 are significantly
accelerated, indicating a destabilization of the
kinetic traps in the folding reaction of these mutants.
Because the R, 1S and 2S forms are unstructured, it is
unlikely that the denaturant agent exerts its action
over these species; it rather destabilizes the more
compact 3S non-native species, making their dis-
ulfides more accessible and promoting their reshuf-
fling. The effect of the denaturant depends on the
energy gap between the folded and the kinetically
trapped species. In this way, the acceleration of the
folding rate is clearly higher for LCI_3 than for
LCI_2. No effect is expected when the denaturant
affects to the same extent the structures of the folded
and scrambled forms, as it occurs in the case of the
marginally stable LCI_4 mutant.

Contribution of disulfide bonds to LCI function

Although proteins possess stable native struc-
tures, the evolutionary fitness of a protein does not
depend on the stability of the native structure per se
but rather on the stability of the structure that allows
the protein to better perform its function in its phy-
siological environment. Stability is therefore under
selection only insofar as it is necessary for the
biochemical function, and many proteins are only
marginally stable at their physiologically relevant
temperatures.51 Surprisingly, LCI_2 and LCI_3 are
excellent carboxypeptidase inhibitors in spite of
being significantly destabilized, especially in the
case of LCI_2. As previously shown for LCI_3,
docking of the mutant on top of the active site of the
carboxypeptidase strongly restricts the conforma-
tional fluctuation of the inhibitor and allows an
efficient binding to the target enzyme.35 This induc-
tion of the inhibitory activity upon docking to the
protease has also been shown for highly destabilized
forms of BPTI.52 From the results reported here, it
appears that the stability and inhibitory activity of
LCI are uncoupled, since the WT stability clearly
exceeds that necessary for an efficient inhibition of
carboxypeptidases. However, this extra stability
could allow LCI to be functional in its physiological
environment. LCI is a component of leech saliva that
acts in the host blood, two fluids where low stability
usually results in reduced half-life due to their high
content of proteolytic enzymes. In addition, accord-
ing to the three-dimensional structures of III-A and
LCI_3, the entropic cost of binding is higher in these
forms than in the WT, whereas the enthalpic gain
should be very similar. This predicts a higher disso-
ciation constant for the 3-disulfide mutants com-
pared with WT LCI, a fact that is indeed confirmed
by inhibitory assays with LCI_3. This mutant would
be a temporary inhibitor, as previously described for
mutants of the Streptomyces subtilisin inhibitor lack-
ing one disulfide bond that are more susceptible to
proteolysis.53 In any case, the uncoupling of thermo-
dynamic stability and inhibitory activity in LCI may
pave the way for the design of novel LCI variants
with improved properties. In this context, it is worth
remembering the increasing biomedical interest of
both natural and synthetic carboxypeptidase inhi-
bitors for coagulation–fibrinolytic disorders.30,54
Materials and Methods

Site-directed mutagenesis, protein expression and
purification

The synthetic gene encoding for LCI and cloned into the
pBAT-4-OmpA vector55 was used as template for PCR in
the site-directed mutagenesis. The seven mutants
designed for the present work were generated using a
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QuickChange Site-Directed Mutagenesis Kit (Stratagene)
according to the instructions of the manufacturer and
verified by DNA sequencing. The WT and mutant forms
of LCI were produced and purified as previously
published.28 Briefly, the proteins were expressed in
E. coli strain BL21(DE3), growing the cells in M9 minimal
medium (0.5% glycerol) supplemented with 0.2% casa-
mino acids at 37 °C and inducing at an A600 of 1.0 with
1 mM isopropyl-β-D-thiogalactopyranoside (final concen-
tration). The secreted proteins were treated with 2 mM
cystine and 4 mM cysteine (final concentrations) at pH 8.5
to obtain the maximum amount of native form. The
proteins were subsequently purified from the culture
supernatant using a Sep-Pak C18 cartridge (Waters),
followed by anion-exchange chromatography on a TSK-
DEAE 5PW column (Tosohaas) and by RP-HPLC (Alli-
ance, Waters) on a 4.6-mm Protein C4 column (Vydac
Grace). Protein identity and purity were confirmed by
MALDI-TOFMS and automated Edman degradation. The
concentration of the LCI variants in solution was deter-
mined by measuring the absorbance at 280 nm and using
the calculated absorption coefficient Ε0.1%=2.12. The puri-
fied and quantified proteins were kept lyophilized.

Oxidative folding experiments

The native protein (2 mg) was reduced and unfolded in
0.5MTris–HCl buffer, pH 8.5, containing 200mMDTTand
6M guanidine thiocyanate for 2 h at room temperature. To
initiate folding, we loaded the sample onto a PD-10
desalting column (Sephadex G-25, GE Healthcare) pre-
viously equilibrated with 0.1 M Tris–HCl buffer, pH 8.5.
The proteinwas eluted in 1.2ml and split in three parts that
were immediately diluted in the same buffer to a final
protein concentration of 0.5 mg/ml, in the absence
(Control −) and in the presence (Control +) of 0.25 mM 2-
mercaptoethanol or 0.5 mM/1 mM GSSG/GSH. In some
cases, the refolding experiments were carried out in the
presence of 0.5 M GdnHCl. Folding intermediates were
trapped in a time-course manner either by acidification
with 4% aqueous trifluoroacetic acid (TFA) or by alkylation
with 0.1 M Tris–HCl buffer, pH 8.5, containing 0.1 M 4-
vinylpyridine for 1 h at room temperature. The acid-
trapped intermediates were subsequently analyzed by RP-
HPLC using a linear 20%–40% gradient of acetonitrile with
0.1% TFA over 50 min on a 4.6-mm Jupiter C4 column
(Phenomenex) at a flow rate of 0.75 ml/min. Aliquots
derivatized with 4-vinylpyridine (each pair of modified
cysteines increases the molecular mass by 212 Da) were
diluted 1:10 in 0.1% aqueous TFA and analyzed by
MALDI-TOF MS using an Ultraflex spectrometer (Bruker)
operating in linear mode under 20 kV. Samples were
prepared by mixing equal volumes of the protein solution
andmatrix solution (10 mg/ml of sinapic acid dissolved in
aqueous 30% acetonitrile with 0.1% TFA) and using the
dried droplet method. A mixture of proteins from Bruker
(protein calibration standard I;mass range=3–25 kDa)was
used as external mass calibration standard.

Reductive unfolding and disulfide scrambling
experiments

The native protein (0.5 mg/ml) was dissolved at room
temperature in 0.1 M Tris–HCl buffer, pH 8.5, containing
increasing concentrations of DTT (1–100 mM). Aliquots
of the mixtures were removed at various time points,
trapped by acidification with 4% aqueous TFA and
analyzed by RP-HPLC as detailed in Oxidative folding
experiments to monitor the unfolding reaction. For dis-
ulfide-scrambling experiments, the native protein
(0.5 mg/ml) was dissolved in 0.1 M Tris–HCl buffer,
pH 8.5, containing 0.25 mM 2-mercaptoethanol as thiol
initiator and selected concentrations of denaturants (0–8 M
urea or GdnHCl). The reaction was allowed to reach
equilibrium typically for 20 h at room temperature. The
samples were then quenched with 4% aqueous TFA and
analyzed by RP-HPLC as described above. Least-squares
fitting of reductive unfolding data to a first-order reaction
and determinations of standard errors of the fitted
parameters were conducted using the program Kaleida-
Graph (Synergy Software, Reading, PA).

Thermodynamic parameters

As previously reported for WT LCI,35 thermodynamic
parameters were calculated by fitting experimental data
from disulfide scrambling to Eq. (1):

y =
a + b denaturant½ �ð Þ � c + d denaturant½ �ð Þ

1 + exp � DGH2O
U �m denaturant½ �

� �
=RT

n o

+ c + d denaturant½ �ð Þ

where y is the observed fractional population of native
species, ΔGU

H2O is the free energy change of unfolding
in the absence of denaturant,m is a parameter for coopera-
tivity of unfolding and (a+b[denaturant]) and (c+d
[denaturant]) are terms for the baseline dependence on
denaturant concentration. The midpoint concentration of
unfolding, cM, was calculated by Eq. (2):

cM =DGH2O
U =m

The fitting was performed using the non-linear least-
squares algorithm provided with the software Kaleida-
Graph assuming a two-state unfolding mechanism.
CD, fluorescence and NMR spectroscopy

Samples for CD spectroscopy were prepared by dissol-
ving the protein to a final concentration of 0.2 mg/ml in
20 mM Tris–HCl buffer, pH 7.5. CD spectra were collected
in a Jasco J-715 spectrometer at 25 °C using a cell of 2-mm
path length. Samples for fluorescence spectroscopy were
measured in the same buffer on a fluorescence spectro-
photometer (Cary Eclipse, Varian) at a final protein
concentration of 13 μM and at 25 °C. The excitation
wavelength was set at 268 and 280 nm, with excitation and
emission slit widths of 5 and 10 nm, respectively. The
fluorescence emission was measured between 280 and
400 nm. Samples forNMR spectroscopywere prepared at a
protein concentration of 1.5 mg/ml in 20 mM Tris–HCl
buffer, pH 7.5, using a 9:1 ratio by volume of H2O/D2O.
One-dimensional NMR spectra were acquired at 25 °C on a
Bruker AVANCE 600-MHz spectrometer using solvent-
suppression WATERGATE techniques. The collected spec-
tra were processed and analyzed using the TopSpinv2.0
software packages from Bruker Biospin.

bis-ANS binding assay

The fluorescence emission spectra of bis-ANS in the
absence and in the presence of protein were recorded
using 20 mM Tris–HCl buffer, pH 7.5, containing 5 μM
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bis-ANS to obtain a final protein concentration of 13 μM.
Samples were read after 10 min of incubation using an
excitation wavelength of 370 nm. The fluorescence
emission was measured between 400 and 600 nm, with
excitation and emission slit widths of 10 nm each.
Thermal transition curves were obtained at a heating
rate of 1 °C/min by measuring the bis-ANS emission at
460 nm after excitation at 370 nm.

CPA inhibitory experiments

The inhibitory activity of the native form of different
LCI variants was tested by measuring the inhibition of the
hydrolysis of the chromogenic substrate N-(4-methoxy-
phenylazoformyl)-Phe-OH (Bachem) by bovine CPA
(Sigma) at 350 nm using a Cary 400 UV-Vis spectro-
photometer (Varian). The assays were performed in
50 mM Tris–HCl buffer, pH 7.5, containing 100 mM
NaCl, at a substrate concentration of 100 μM. Ki values for
the complexes of WT and LCI mutants with CPA were
determined using pre-steady-state kinetics as reported for
tight-binding inhibitors, with a final correction for
substrate competition.56

FoldX modeling

To model the mutations in LCI, we used the BuildModel
option of the FoldX algorithm (version 2.65).44 This
command reads the Protein Data Bank coordinates and
duplicates them internally. Then, it mutates the selected
position in one molecule to itself and, in the other, to the
selected variant, while moving the neighboring side
chains. It ensures that the moving side chains and the
rotamer set for them are the same in both cases. The effect
of the mutation is subsequently computed by subtracting
the energy of the self-mutatedWT from that of the mutant.
The ΔΔG values are provided in kilocalories per mole for
all modeled structures.
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The formation of insoluble deposits by globular proteins underlies the onset of many human

diseases. Recent studies suggest a relationship between the thermodynamic stability of

proteins and their in vivo aggregation. However, it has been argued that, in the cell, the

occurrence of irreversible aggregation might shift the system from equilibrium, in such a way

that it could be the rate of unfolding and associated kinetic stability instead of the confor-

mational stability that controls protein deposition. This is an important but difficult to

decipher question, because kinetic and thermodynamic stabilities appear usually correlated.

Here we address this issue by comparing the in vitro folding kinetics and stability features of a

set of non-natural SH3 domains with their aggregation properties when expressed in bacteria.

In addition, we compare the in vitro stability of the isolated domains with their effective

stability in conditions that mimic the cytosolic environment. Overall, the data argue in favor

of a thermodynamic rather than a kinetic control of the intracellular aggregation propensities

of small globular proteins in which folding and unfolding velocities largely exceed aggrega-

tion rates. These results have implications regarding the evolution of proteins.

Keywords:

Protein aggregation / Protein folding / Protein stability / Systems Biology

1 Introduction

Protein misfolding and aggregation into insoluble amyloid

fibrils or intracellular inclusions is linked to the onset of

many degenerative disorders, ranging from Alzheimer’s

disease to Diabetes [1–4]. The sequential and conformational

determinants of the assembly of isolated proteins into

amyloid structures have been extensively investigated

in vitro [5–8]. However, much less is known about the traits

governing the aggregation of polypeptides into amyloid-like

conformations in the highly complex cellular background.

This is mainly due to the lack of simple but physiologically

relevant systems in which to model in vivo protein aggre-

gation. One such system could be the inclusion bodies (IBs)

formed in bacteria during homologous or heterologous

protein expression. Increasing evidence suggesting that they

contain amyloid-like structures make of Escherichia coli a

suitable organism in which to study the molecular deter-

minants of protein aggregation and more specifically of

amyloid formation in the cell [9–13].

The proteins and peptides responsible for amyloid

diseases are not related in terms of sequence or structure.

Some of these polypeptides are devoid of any regular

secondary structure and remain mostly unstructured in

solution [14]. Other amyloidogenic proteins are globular in

their native state, implying that a properly packed and

cooperatively sustained structure dominates the conforma-

tional ensemble under physiological conditions [15]. The

molecular determinants of the aggregation of both types of
Abbreviations: IBs, inclusion bodies; SPC-SH3, Spectrin-SH3;

WT, wild-type
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proteins in cellular environments are beginning to be

studied using E. coli as a model system. In this way, Chiti

and co-workers have recently demonstrated that, for fully or

partially unfolded proteins, intrinsic protein sequential

properties shown to modulate amyloid fibril formation

in vitro [16] like hydrophobicity, b-sheet propensity and

charge also govern protein aggregation inside bacteria [17].

For globular proteins, the study of three different protein

models suggest that the conformational stability of the

folded native state may act as a major determinant of protein

deposition in physiological environments [18–20]. In parti-

cular, in a recent study, we have used the Spectrin-SH3

(SPC-SH3) domain as a model of small globular domain to

study the aggregation properties of the wild-type (WT)

protein and mutants thereof inside bacteria [20]. We found

that, as a trend, destabilized mutants tend to be more

aggregation-prone than the WT and that stabilization of the

native fold increases solubility. During the revision of that

work, one of the anonymous reviewers put forward an

important question: Whether the apparent correlation we

and others have observed between protein aggregation and

stability in physiological backgrounds would reflect the

effect of the energy barriers to unfolding or kinetic stability

rather than thermodynamic stability itself. This question is

pertinent, because the effects of mutations on the thermo-

dynamic and kinetic stability of proteins are often related

[21]. According to protein engineering analysis [22], muta-

tions affecting the stability of the native state and occurring

in regions of the protein that become unstructured in the

transition state would have a f value of 0 and are expected to

exhibit parallel effects on the thermodynamic and kinetic

stability. In contrast, mutations at residues ordered in the

transition state ensemble would render a f value of 1 and

only affect the thermodynamic stability. Because most

protein mutations result in intermediate f values, both

parameters become usually associated, and deciphering

their individual contribution to a given phenomenon and in

particular to aggregation is not a trivial task. Importantly,

there is a reduced, but increasing, number of globular

proteins as transthyretin [23], T7 endonuclease I [24],

ataxin-3 [25], prion protein [26] and Z a1-antitrypsin [27] in

which aggregation promoting mutations do not correlate

with a decrease in thermodynamic stability but rather with

changes in the unfolding rates.

At that time, we could not answer the proposed question

because we only had qualitative data on the aggregation

properties of the different domains and lacked information

on the folding kinetics of many of the proteins in the study.

In fact, in spite of being a crucial issue to understand how

evolution shapes protein properties, the relationship

between folding and unfolding rates and the aggregation

properties of proteins in living organisms remains essen-

tially unexplored from the experimental point of view.

Therefore, in the present work we have made an effort to

quantify the solubility of the collection of SH3 domains

inside bacteria, to calculate their in vitro folding kinetic

properties and to approximate the effective conformational

stabilities of these proteins in cellular extracts in order to

contribute to provide a quantitative and comprehensive view

of the physical principles underlying the aggregation of

small globular proteins inside the cell.

2 Materials and methods

2.1 Cloning

PCR was used to build 15 mutant DNA sequences

containing from three to nine amino acid substitutions in

the folding core and three additional single mutants, as

previously described [28, 29]. The PCR products were cloned

into vector pBAT-4 and the constructs were used to trans-

form XL-1 Blue E. coli cells. Chemical sequencing of the

vectors purified from positive clones confirmed the indivi-

dual sequences of the 18-variant set used for the experi-

ments. The same protocol was used to generate a truncated

SPC-SH3 mutant lacking the five C-terminal residues [30].

2.2 Protein expression, extraction and purification

Purified recombinant pBAT-4 expression vectors were used

to transform E. coli BL21 (DE3) cells by the heat shock

method. Cells were grown overnight from a single colony in

Luria-Bertani (LB) medium containing 50 mg/L ampicillin.

An aliquot was subsequently inoculated into fresh medium

at a 1/100 dilution to reach a final volume of 1 L. When the

OD600 of the culture reached values between 0.4 and 0.6, the

expression of the recombinant variants was induced by the

addition of IPTG to a final concentration of 1 mM. Three

hours after the induction time, cells were harvested by

centrifugation at 5000 rpm for 20 min, resuspended in

10 mL of PBS containing Pefabloc (0.4 mg/mL), lysed by four

consecutive freeze–thawing cycles followed by three 30 s

sonications and finally ultracentrifuged at 16 000 rpm for

30 min. Pellets and supernatants were analyzed by SDS-

PAGE to determine which fractions contained the recom-

binant proteins. Proteins from the insoluble fraction were

resuspended in 6 M urea, 10 mM sodium citrate, 100 mM

NaCl (pH 3.5), ultracentrifuged at 16 000 rpm for 30 min

and loaded onto a a HiLoad 26/60 Superdex 75 column

equilibrated with the same buffer. The fractions contaning

pure protein were pooled together, diluted ten times in the

same buffer devoid of urea, concentrated by ultrafiltration,

dialysed against water and kept frozen until their analysis.

The fraction containing soluble proteins was supplemented

with polyethyleneimime to precipitate DNA fragments. The

supernatants recovered after a further ultracentrifugation at

16 000 rpm for 30 min were treated with ammonium sulfate

in two steps; in the first one, the salt was added to 30%

concentration to precipitate high molecular weight proteins

that were separated by ultracentrifugation at 16 000 rpm for
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30 min. A further addition of ammonium sulfate to the

supernatant until reaching a 70% concentration allowed for

the precipitation of the SH3 domains, which were recovered

after a final ultracentrifugation at 16 000 rpm for 45 min.

The pellets were redissolved in 10 mM sodium citrate,

100 mM NaCl (pH 3.5) dialysed against water and kept

frozen until their analysis.

2.3 Folding kinetic experiments

The kinetics of the folding and unfolding reactions were

followed in a Bio-Logic stopped-flow fluorimeter using

excitation and measuring wavelengths of 290 and 320 nm,

respectively. Starting with the protein in 50 mM sodium

phosphate buffer (pH 7.0), the unfolding reaction was

promoted by dilution with appropriate volumes of the same

buffer containing increasing concentrations of urea.

Conversely, the unfolding reaction was followed by addition

of appropriate volumes of urea-free buffer to an initial

protein solution in 50 mM sodium phosphate buffer, 9.5 M

urea (pH 7.0). The experiments were performed at 298 K.

The individual folding and unfolding reactions rates were

calculated for at least 15 different final urea concentrations

for each protein under study.

From the observation of a curvature in the plot of the

natural logarithm of the unfolding rate versus urea concen-

tration when studying the unfolding kinetics of SH3,

Serrano and co-workers [31] developed and equation that

allows the calculation of the slopes of the curves and the rate

constants of the refolding and unfolding reactions (see a

description of the parameters in the legend to Table 1).

From theses values it is possible to calculate the destabili-

zation energy induced by the mutations, DDGF-U, and its

two semi-reaction components:

DDGF�U ¼ðDGF�UÞwt � ðDGF�UÞmut ¼ DDGz�U � DDGz�F

DDGz�U ¼RT ln ðkwt
f =kmut

f Þ

DDGz�F ¼RT ln ðkwt
u =kmut

u Þ

where ‘‘wt’’ refers to the SPC-SH3 domain and ‘‘mut’’ to

each one of the mutations done upon the former.

2.4 Thermal denaturation of SH3 domains

A Jasco J-715 spectropolarimeter equipped with a thermo-

stat-controlled cell holder was used to study the thermal

denaturation of SH3 domains (at 20 mM concentration)

following changes in the circular dichroism signal at 220 nm

at temperatures ranging from 15 to 951C and using a scan

rate of 11C/min. Two independent scans were performed for

each analyzed mutant. Fittings to calculate temperature

(Tm) were done using the non-linear least squares algo-

rithm provided with Kaleidagraph (Abelbeck Software,

Reading, PA).

2.5 Quantification of protein solubility

Protein solubility was measured as described in [20]. Briefly,

E. coli BL21 (DE3) cells transformed with recombinant

pBAT-4 expression vectors were grown and treated as

described under Section 2.2. Cells from 1500 mL aliquots

were harvested by centrifugation and resuspended in 300 mL

of BugBuster Protein Extraction Reagent (Novagene) to

isolate the soluble and insoluble fractions. The resuspended

cells were submitted to vigorous vortexing and three freeze–

thawing cycles (at �80 and 371C). Samples were subse-

quently shaken at room temperature for 2 min and centri-

fuged at 16 000 rpm for 10 min. The supernatants and the

pellets correspond to the soluble and insoluble fractions,

respectively, which were analyzed by Tricine-SDS gels with

12% w/v polyacrylamide, stained with Coomassie brilliant

blue and scanned at high resolution. Quantification of the

electrophoretic bands was performed with the software

Quantity One from Bio Rad. For each particular mutant at

least three different expression assays were performed and

solubility averaged. Typical variations in the soluble/inso-

luble ratio for a given SH3 domain are in the range 5–20%

(Table 1).

2.6 Aggregation of SH3 domains in cell lysates

E. coli BL21 (DE3) cells transformed with recombinant

pBAT-4 expression vectors were incubated in LB medium

(with 100 mg/mL of ampicillin) overnight at 371C and then

inoculated into fresh medium at a 1/100 dilution. At an

OD600 of 0.4, 10 mL aliquots were transferred to 181C,

induced with 1 mM IPTG when OD600 5 0.6 and incubated

at 181C for 12 h. Cells were pelleted for 20 min at 4000 rpm

at 41C, washed with sterile PBS, pelleted again and resus-

pended in 1 mL of 50 mM Tris-HCl, 100 mM NaCl, 1 mM

EDTA (pH 7.5) containing protease inhibitory cocktail set

III (Calbiochem). Cells were lysed by sonication and the

lysate was centrifuged for 20 min at 14 000 rpm at 41C and

the cytosolic fraction used for further analysis. Aliquots of

the soluble fraction were incubated at 18, 37 or 501C for

12 h, centrifuged 30 min at 14 000 rpm and the remaining

soluble protein resolved on Tricine-SDS/12% (w/v) PAGE

gels. In time-course experiments, aliquots of the soluble

cytosolic fractions incubated at 371C were extracted at

different time points, analyzed in the same manner and

soluble SH3 proteins quantified by gel densitometry as

above. For each particular mutant at least two different

assays were performed and solubility averaged.

2.7 Stability of SH3 domains in front of chemical

denaturation monitored by pulse proteolysis

Equilibrium unfolding properties of purified SH3 domains

and recombinant SH3 domains in complex cell lysates were
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analyzed by pulse proteolysis in the presence of increasing

concentrations of urea [32]. For purified SH3 domains a

concentration of 0.4 mg/mL was used. For the soluble

cytosolic fractions, the protein concentration was adjusted

with buffer in such a way that the concentration of recom-

binant SH3 domains in the extract was �0.4 mg/mL. The

protein solutions were equilibrated overnight at 251C in

20 mM Tris–HCl buffer (pH 8.0) containing 10 mM CaCl2,

50 mM NaCl and varying concentrations of urea. The equi-

librated protein solutions were heated to 371C and treated

with 0.20 mg/mL thermolysin for 2 min and then quenched

with 50 mM EDTA. Urea-dependent proteolysis of SH3

domains was analyzed on Tricine-SDS/12% ( w/v) PAGE

gels as described. At least two independent experiments

were performed for both purified proteins and cytosolic

extracts to ensure reproducibility.

2.8 Stability of SH3 domains in front of proteolysis

under non-denaturing conditions

Purified proteins and soluble cytosolic fractions containing

the proteins of interest at �0.4 mg/mL in 20 mM Tris–HCl

buffer (pH 8.0) containing 10 mM CaCl2, 50 mM NaCl were

treated with 0.20 mg/mL thermolysin and incubated at 371C

for 1 h. The digestion was quenched at selected time points

with 50 mM EDTA. The time-course of the reaction was

analyzed on Tricine-SDS/12% ( w/v) PAGE gels as descri-

bed. At least two independent experiments were performed

for both purified proteins and cytosolic extracts to ensure

reproducibility.

3 Results and discussion

3.1 In vivo aggregation propensities of SH3

domains

SPC-SH3 is a small 62-residue protein domain. It consists of

two b-sheets that form an orthogonal sandwich structure.

The folding/unfolding of SPC-SH3 follows a two-state

transition mechanism in vitro [33, 34]. In a previous work,

the WT domain and a set of mutants were expressed in

bacteria and could be classified based on their differential

solubility as (i) mostly soluble upon expression, (ii) partially

soluble or (iii) mainly accumulated as IBs [20]. Here, the

distribution of the WT protein and 18 of the mutants

between the soluble fraction and insoluble IBs after

Table 1. Intracellular aggregation and equilibrium and kinetic folding parameters of SPC-SH3 domains

Protein Solubilitya) ku
b) kf

c) DDGz-F
d) DDGz-U

e) DDGF-U
f) mu

g) mf
h) DDGF-U

i)

Best9 17.472.8 1.37770.1 3.370.1 �3.5 0.1 3.6 0.3570.02 0.9570.09 3.1

Best2 18.273.9 0.07870.007 0.670.08 �1.8 1.1 2.9 1.0370.08 0.8770.10 2.4

MAXL 19.474.3 0.10170.04 0.270.06 �1.9 1.8 3.7 0.7570.04 0.8070.05 2.8

MAXF 21.675.8 1.32370.1 7.970.2 �3.4 �0.4 3.1 0.8070.06 0.8070.06 2.6

Best7 23.876.1 1.12770.09 10.270.4 �3.3 �0.6 2.8 1.0570.09 1.1070.07 2.5

M25A 24.277.7 0.27070.03 1.770.05 �2.5 0.5 3 0.4970.02 0.8370.06 2.6
MAXI 27.474.6 0.03770.004 1.570.1 �1.3 0.6 1.9 0.9370.03 0.8770.06 1.5

Best4 52.574.8 0.00870.002 16.170.5 0.4 �0.8 �0.4 0.5370.04 0.8070.01 �0.5
Best5 53.176.3 0.01970.003 22.870.6 �0.9 �1.0 �0.1 0.5870.02 0.7970.01 �0.2
SH3 WT 55.976.3 0.004570.0005 3.970.1 0 0 0 0.4770.01 0.8770.01 0
C8A 56.178.6 0.13370.009 49.171.1 �2.1 �1.5 0.6 0.6070.01 0.7470.02 0.1
B4-I25V1 63.474.3 0.001070.0001 12.370.5 0.8 �0.7 �1.5 0.6670.04 0.8170.01 �1.5
B5-I25V1 65.575.6 0.002570.0008 14.770.5 0.4 �0.8 �1.2 0.6670.05 0.7970.01 �1.0
N47G 68.176.2 0.00470.0002 5.170.3 �0.1 0.4 0.5 0.42j) 0.8970.02 �0.4
D48G 70.377.4 0.01170.001 7775 �0.6 �1.8 �1.2 0.43j) 0.8470.02 �1.7
C8A-I25V 71.675.6 0.00470.001 32.670.8 0.0 �1.3 �1.2 0.6470.03 0.7670.01 �1.7
B4-I44V1 79.779.1 0.001070.0005 21.870.6 0.8 �1.0 �1.8 0.5970.04 0.7970.01 �2.2
B5-I44V1 81.279.8 0.002870.0008 32.770.5 0.2 �1.3 �1.5 0.6570.02 0.7870.01 �2.0
C8A-I53V 85.876.1 0.002870.0008 32.770.5 0.2 �1.3 �1.4 0.6570.02 0.7870.01 �2.0

SPC-SH3 domains which folding kinetics have been experimentally determined in the present study are shown in bold. Other kinetic and
equilibrium data are from [28, 29, 31].
a) Percentage of protein in the soluble fraction (average of three expression experiments).
b) Unfolding rate constant in water (s�1).
c) Refolding rate constant in water (s�1).
d) Difference between the WT protein and mutant unfolding activation energy (kcal/mol).
e) Difference between the mutant and WT folding activation energy (kcal/mol).
f) Gibbs energy of unfolding determined from the kinetic parameters (kcal/mol).
g) Dependence of the natural logarithm of unfolding with urea (kcal/mol M).
h) Dependence of the natural logarithm of refolding with urea (kcal/mol M).
i) Gibbs energy of unfolding measured at equilibrium (kcal/mol).
j) Value fixed in the fitting.
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expression has been quantified more precisely by densito-

metry analysis of the corresponding SPC-SH3 bands

in Tricine-SDS gels in triplicate expression experiments

(Table 1). The proteins display a broad range of solubilities,

from mutants that accumulate as IBs in proportions higher

than 80% under the conditions of the experiment (Best9,

Best2 and MAXL) to mutants that are more than 80%

soluble in the cytosol (C8A-I53V and B5-I44V). This

dynamic range of solubilities, with nine mutants displaying

lower and the other nine mutants larger solubilities than the

WT domain, allowed for a complete comparative analysis of

SH3 aggregation tendencies and in vitro thermodynamic

and kinetic protein properties.

3.2 Folding kinetics of in vivo insoluble SH3

domains

We have previously characterized the folding kinetics of 12 of

the mutants in the protein set [35]. However, all of them

(except M25A) correspond to mutants with similar or higher

solubilities than the WT (Table 1). Accordingly, in the present

work we have focused on the aggregation-prone mutants

(Best9, Best2, MAXL, MAXF, Best7 and MAXI) to have an

accurate description of the folding properties associated to the

complete solubility spectrum. Their kinetics of folding and

unfolding were analyzed by stopped-flow at 251C under a wide

range of denaturant conditions. The folding traces obtained

from fluorescence measurements fit well into single expo-

nentials indicating the lack of detectable intermediates

according with a two-state model. In all cases, a good agree-

ment was found between the thermodynamic and kinetic

values as expected for a two-state transition (Table 1). All the

aggregation-prone variants unfold faster than the WT domain

and display accordingly smaller unfolding activation-free

energies or kinetic stabilities (Table 1). In this group, MAXI

and Best9 display the lowest and highest unfolding rates, with

kuE10- and 350-fold higher than the WT, respectively, while

MAXL and Best7 display the lowest and highest refolding

rates, with kfE20-fold lower and 3-fold higher than the WT,

respectively. Besides Best7, only MAXF folds faster than the

WT domain (Table 1).

Overall, in the complete 19 protein set considered in the

present study unfolding and refolding rates span between two

and three orders of magnitude, with proteins refolding and

unfolding faster and slower than the WT. As we will see in the

following sections, this broad dynamic range allowed us to

dissect the contribution of the kinetic parameters to the intra-

cellular aggregation of recombinant SH3 domains in bacteria.

3.3 Correlation between in vitro thermodynamic

stability and in vivo aggregation

The conversion of globular proteins from their folded states

into amyloid conformations has been extensively character-

ized in vitro using many protein models and a large variety

of experimental conditions [36]. The data converge to indi-

cate that, in general, the native structure plays a protective

role against aggregation and that the first step in the

conversion of normally folded proteins into fibrillar aggre-

gates involves unfolding into fully unfolded or, more

frequently, partially folded states that constitute the self-

assembly competent species [1]. Accordingly, mutations or

experimental conditions that destabilize the native state

have been shown to result in the formation of amyloid fibrils

even if this effect is only marginal or occurs transiently [37].

Actually, in vitro amyloid propensity and thermodynamic

stability have been shown to anti-correlate for mutants of

different model systems [8, 38, 39].

Three different model systems have been used to date to

explore the correlation between thermodynamic stability

and intracellular protein aggregation using E. coli as host

organism, namely HypF-N, p53 and SH3 domains [18–20].

In all three cases, and in line with in vitro results, a quali-

tative negative correlation between the formation of inso-

luble aggregates and conformational stability was observed.

However, this correlation could not be precisely quantified,

either because the exact soluble/insoluble ratio could not be

measured or because the mutants exhibited a reduced range

of solubilities or conformational stabilities.

In Fig. 1 we plot the relationship between the measured

solubility in E. coli and the in vitro determined thermo-

dynamic stability at 251C [35] for the 19 SH3 domains in the

present study. A surprisingly high and significant linear
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Figure 1. Correlation between the thermodynamic stability of

SPC-SH3 domains and their in vivo solubility. Solubility is

expressed as the experimentally determined percentage of SH3

domain located in the soluble cell fraction relative to the total

recombinant protein. Stability was calculated at 251C, pH 7.0, in

50 mM sodium phosphate.
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correlation is observed between these two parameters

(r 5 0.95 and po0.00001), supporting the view that ther-

modynamic stability is one of the main parameters

controlling the incorporation of SH3 domains into insoluble

IBs. Under our experimental conditions, according to the

equation describing the linear regression, an in vitro desta-

bilization of 1 kcal/mol in the native state of an SH3 domain

results in an E10% increase in its intracellular deposition

propensity and vice versa.

3.4 Correlation between energy barriers to folding

and in vivo aggregation

The formation of IBs in bacteria has been observed during

the expression of many proteins that are unrelated in

sequence, structure, size or origin [40]. For long time, this

has lead to the assumption that IBs form as a result of non-

specific contacts between polypeptide chains as they emerge

from ribosomes and before they can attain the native

protective structure [41]. During recombinant protein

production the use of strong promoters, like the T7

promoter used in this work, results in high translation rates

and therefore in a continuous supply of, in principle, initi-

ally unfolded polypeptides in which hydrophobic side chains

and backbone hydrogen donors/acceptors might be at least

transiently exposed to solvent, and therefore susceptible to

establish anomalous intermolecular interactions that

could lead to their aggregation into IBs. Indeed, from the

y-intercept of the graph in Fig. 1 it can be expected that,

under our experimental conditions, E90% of the protein

would accumulate into IBs for a fully unfolded SPC-SH3

domain. This is in good agreement with the 8.573.6

experimental solubility we have measured for MAXW, a

domain with a negative Gibbs free energy of unfolding

(�0.570.30) at 251C and accordingly expected to be mostly

unstructured in vitro at equilibrium [35].

In vitro, SPC-SH3 domains fold following a two-state

process [33]. Assuming that the same mechanism applies

for the folding of these domains in bacteria, partially folded

intermediates would not accumulate significantly during the

acquisition of the native structure after the biosynthesis at

the ribosome. This implies that, if, as usually assumed,

aggregation occurs during the folding reaction, one should

expect the degree of protein deposition to correlate with the

folding rate of the protein, since folding into the native

structure through the establishment of specific intramole-

cular contacts and aggregation through anomalous inter-

molecular interactions are expected to compete kinetically

[42].

In Fig. 2 we show the correlation between the observed

experimental solubilities and the different calculated energy

barriers to refolding as derived from stopped-flow experi-

ments. It is important to note that the rate of protein folding

(kf) changes in an exponential manner with the refolding

activation free energy. We observe a significant correlation

between the energy barrier to refolding and solubility

(r 5 0.69 and po0.002). However, this correlation is clearly

lower than that found for the thermodynamic stability,

which suggests that it might be just a consequence of

thermodynamic stabilities and folding rates being somehow

linked in our protein set. Figure 2B demonstrates that this is

likely the case, since, as a trend, more stable mutants tend to

exhibit faster refolding rates as a result of the stabilization of
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the transition state ensemble and the consequent decrease

of the energy barrier to folding, whereas an inverse tendency

is observed for destabilized mutants. The behavior of C8A

and its Ile to Val mutants C8A-I25V and C8A-I53V provide

further support to the notion that folding rates do not

control the aggregation of SH3 domains in the bacterial

background. The Ile to Val mutations remove only a single

methyl group but have important effects on the folding

kinetics, decreasing the refolding rates relative to that of the

original C8A protein [35]. Still, both mutants turn to be

more soluble than C8A. Also, MAXF and Best7 exhibit faster

refolding rates than the WT domain, while being clearly

more aggregation-prone.

Protein aggregation usually follows a second-order reac-

tion and is therefore very sensitive to protein concentration

[43]. The data suggest that even at the high concentrations

attained during the heterologous expression of SPC-SH3

domains, the aggregation reaction cannot kinetically

compete with the fast attainment of the native structure that

exhibit these small globular domains. During the revision of

the present work Eichmann et al. used NMR spectroscopy to

demonstrate that, in fact, the folding of recombinant SPC-

SH3 occurs cotranslationally in bacteria, following a two-

state transition without significant population of compact

folding intermediates [30]. As proposed by the authors, it is

likely that the ribosome may also protect emerging SPC-

SH3 domains from aberrant interaction with cytosolic

molecules. Therefore, SPC-SH3 molecules emerge from the

ribosome as already folded and monomeric globular

domains, in agreement with our observation that the energy

barriers to refolding are not relevant for the intracellular

aggregation of SH3 domains. Of course, this might not be

the case for larger and more complex proteins whose folding

pathways would be slower and involve the population of

partially folded intermediates or the exposure of unstruc-

tured regions during their biosynthesis at the ribosome. To

prevent the aggregation of such polypeptides the cell has

evolved sophisticated molecular mechanisms including the

ribosome-borne folding activity and the trigger factor, a

chaperone interacting with nascent polypeptide chains as

they protrude from the bacterial ribosome [44].

3.5 Correlation between energy barriers to

unfolding and in vivo aggregation

Assuming that, in our protein data set, aggregation does not

occur significantly during the attainment of the folded

conformation in normal cell conditions, the fact that, at least

in vitro at 251C, most proteins have their equilibrium shifted

towards the folded state, as indicated by their positive Gibbs

free energy of unfolding, implies that the acquisition of a

compact conformation does not completely protect SH3

domains from aggregation. In the cell, irreversible proces-

ses, like aggregation, might displace the folding–unfolding

reaction from equilibrium, in such a way that a positive

value for the unfolding Gibbs free energy might not

necessarily guarantee that the protein will remain in the

native state in a physiological relevant timescale [45]. As

stated in the Introduction, for a number of proteins, kinetic

stability instead of thermodynamic stability seems to control

the aggregation process in vitro [23–27].

In this scenario both partially and totally unfolded

conformers might trigger aggregation processes. To test if a

totally unstructured SPC-SH3 domain is an aggregation-

competent species when expressed in E. coli, we took

advantage of the study of Eichmann et al., which demon-

strates by NMR in solution that a SPC-SH3 mutant lacking

the five C-terminal residues displays a random-coil struc-

ture, either when bound to the ribosome or free in solution

[30]. In Fig. 3 we show that this deletion mutant, although

expressed at lower levels than the rest of variants, accumu-

lates almost exclusively in the insoluble fraction, indicating

that while partially folded intermediates might exist under

certain conditions even for two-state folders [37], in the case

of SPC-SH3 domains, their population is not obligatory for

them to become insoluble.

For the present analysis we assume here that for two-

state folding SH3 domains, aggregation in the cell occurs

only from the unfolded state ensemble. Also, the aggrega-

tion of SH3 domains into IBs is considered to be irrever-

sible, although the presence of chaperones might extract

and assist the folding of the polypeptide chains embedded in

the IBs [41]. Under these assumptions one might propose

INS SOL MW

*

Figure 3. SDS-PAGE analysis of the intracellular solubility of an

unstructured SPC-SH3 mutant. Soluble (SOL) and insoluble

(INS) fractions of E. coli cells expressing a truncated SPC-SH3

domain lacking the five C-terminal residues [30]. The location of

the SH3 domain is indicated by an arrow. The star indicates

aprotinin (6500 Da).
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the following Lumry–Eyring model [46] to describe the

intracellular aggregation of SH3 domains:

ku ka

native state$ unfolded ! aggregated protein

kf

where ku, kf and ka represent the unfolding, folding and

aggregation rates, respectively.

The term ku reflects the difference between the free

energies of the native state and the transition state ensemble

or, in more general terms, the kinetic stability of the protein.

In this model the ku and ka values determine whether it is

the thermodynamic or the kinetic stability that controls the

level of soluble protein. In this scenario, the overall aggre-

gation process cannot be faster than the unfolding rate (ku),

no matter how fast the aggregation rate is [45]. The maxi-

mum aggregation in a given timescale occurs when aggre-

gation is fast enough to cause protein unfolding becoming

the rate-limiting step of the overall aggregation process. In

this condition an exact correlation between the levels of

aggregated protein and kinetic stability is expected.

Figure 4 shows that there is a high and significant

correlation (r 5 0.84 and po0.00001) between the observed

experimental solubilities and the different kinetic stability

for the SH3 domains in this study as calculated from stop-

ped-flow experiments. Again, this correlation is lower than

that found for thermodynamic stability, and the relationship

between kinetic stability and aggregation might result from

the association between thermodynamic and energy barriers

to unfolding, as shown in Fig. 4B, rather than reflecting the

effect of unfolding rates on IB formation. Analysis of the

unfolding properties of some of the mutants allows deciding

between these two possibilities. C8A unfolds E30-fold faster

than the WT protein while displaying very similar solubility

inside bacteria. D48G unfolds E3 times faster than WT but

displays higher solubility. The unfolding rates of Best9,

Best7 and MaxF are E20 time higher than that of MAXL

and Best2 while displaying similarly low solubilities.

Overall, the results strongly support the thermodynamic

stability as the key factor controlling the intracellular

aggregation of SH3 domains in our model system. Accord-

ing to our simplified scheme, this implies that the aggre-

gation rate is exceedingly slow relative to the unfolding rates

of the mutants. Under these conditions aggregation

becomes almost independent of the individual unfolding

and refolding rates and it is the concentration of the

unfolded, assembly-prone species at equilibrium or, in other

words, the conformational stability, which modulates the

level of aggregation. Importantly, although unspecific

aggregation is known to occur rapidly, accumulating

evidences indicate that protein aggregation in bacteria relies

on the establishment of sequence-specific intermolecular

interactions leading to the formation of intermolecular

b-sheets displaying amyloid-like structures [9], a process that

might exhibit significant lag phases until the formation of

effective nuclei occurs and polymerization can proceed with

a high rate, as demonstrated for many amyloid fibrils

in vitro.

3.6 Correlation between thermal stability and the

aggregation of SH3 domains in cytosolic cell

extracts

A widespread strategy to reduce the aggregation of recom-

binant polypeptides relies on cell growth at reduced

temperatures [47]. Accordingly, when aggregation-prone
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mutants like MAXF or MAXI are expressed at 181C the

amount of protein in the soluble fraction increases

from E25 to E50%. It has been assumed that this

increase in solubility results mainly from lower translation

rates at the ribosome at low temperatures, which

decreases the concentration of unfolded or partially folded

species and shifts the competition between folding and

aggregation towards the formation of native intramolecular

interactions [47]. However, because for SPC-SH3 domains

folding appears to occur cotranslationally [30] and

folding rates accordingly appear to have a minor influence

on the level of cellular aggregated protein, even at the high

translation rates attained at 371C, a decrease in translation

rates is expected to contribute little to the higher level

of solubility of these domains when expressed at low

temperature.

The effect of temperature on the solubility of SPC-SH3

domains can be rationalized if we consider that the final

level of recombinant aggregated protein inside bacteria

depends mainly on the unfolded domain population at

equilibrium and on the aggregation rate from this state,

since temperature affects both parameters. Aggregation

rates are known to be highly dependent on the temperature

and, as a general rule, a decrease in temperature results in

reduced aggregation rates, as observed for many amyloido-

genic proteins [43, 48]. In addition, in general, folded

proteins become more stable at low temperature because the

entropy term TDS which favors the unfolded state, becomes

smaller resulting in an increase in the Gibbs free energy to

unfolding (DGu 5DHu–TDSu) and a higher ratio of folded to

unfolded conformations at equilibrium. Both effects would

contribute to increase the solubility of SH3 domains in a

given timescale and environment.

To study the effect of temperature on the aggregation of

SH3 proteins, four domains exhibiting different solubility

and stability, namely MAXF, MAXI, WT and C8A-I25V were

expressed in E. Coli at 181C. After a ten-fold concentration of

the culture, the cells were lysated and the complete soluble

cell fraction containing the different SH3 domains together

with all the cytosolic protein content was recovered. The

concentration of SH3 domains in this cell lysate is E5 mg/

mL. The different cell lysates were incubated at 18, 37 or

501C for 16 h and the amount of SH3 domains remaining

soluble visualized on Tricine-SDS gels (Fig. 5). All the

mutants kept soluble when incubated at 181C. At 371C the

destabilized mutants MAXF and MAXI aggregated signifi-

cantly, with E75% of the protein becoming insoluble in this

condition. These two mutants become almost totally aggre-

gated when incubated at 501C. In contrast, the WT protein

and the overstabilized C8A-I25V mutant remained essen-

tially soluble even when incubated at 501C. The thermal

unfolding of these mutants was analyzed by monitoring

changes in the distinctive SPC-SH3 circular dichroism band

at 220 nm [20]. All mutants unfolded in a cooperative

manner, allowing the calculation of the associated melting

Tm of 3370.9, 4270.6, 6570.2 and 7170.11C for MAXF,

MAXI, WT and C8A-I25V, respectively. This differential

thermal stabilities are in good agreement with their relative

stabilities in front of chemical denaturation [35]. According

to their Tm, both MAXF and MAXI would present a

significant population of unfolded conformers at 371C,

which would explain why they already aggregate in the cell

lysate at this physiological temperature. The high thermal

stability of WT and C8A-I25V would prevent their aggrega-

tion at 501C.

Shifting the temperature to non-physiological values

changes the protein’s energy landscape. Therefore, we

decided to follow the kinetics of aggregation of the SH3

domains in the cell lysate at 371C, the same temperature

used for bacterial culture and protein production (Fig. 6).

The dependence of the fraction of aggregated protein on the

reaction time could be fitted to a single constant first-order

reaction (R40.96) for MAXF and MAXI, with rate constants

of 6.7� 10�5 and 1.7� 10�5 s�1, respectively, in good

agreement with their relative thermal stabilities.

MaxFMaxI

37°18° 50°18° 37° 50°

*

C8A - I25V WT

18° 37° 50° 18° 37° 50°18 37 5018 37 50

*
Figure 5. Temperature-induced aggregation of SH3 domains in

cell lysates. The cytosolic fractions of cells expressing the

different domains at 181C were incubated for 16 h at the indi-

cated temperature, centrifuged and the soluble fraction resolved

on Tricine- SDS/12% (w/v) PAGE gels. The location of SH3

domains is indicated by an arrow. The star indicates aprotinin

(6500 Da).
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Although proteins unfolding in response to chemically

and thermally induced perturbations may be exposed to very

different unfolding energy landscapes, in the case of SPC-

SH3 domains it has been shown in vitro that, under both

conditions, these domains follow a highly cooperative two-

state unfolding mechanism, without evident accumulation

of partially folded intermediates. Therefore, although the

presence of other species in cell lysates cannot be completely

discarded, the population of unfolded, aggregation-prone,

conformers at equilibrium can be postulated as the most

probable precursor of the insoluble species.

WT and C8A-I25V display lower aggregation propensity

in the cell lysate than in intact bacteria, where a fraction of

these domains is found as IBs. Although cell lysates mimic

better than a simple buffer the cytosolic environment, the

significant dilution of the cellular components, including

the recombinant domains, would result in lower aggrega-

tion rates than those expected to occur in intact cells.

3.7 Correlation between the stability against

chemical denaturation of SH3 domains in vitro

and in cell lysates

A common assumption in biochemistry is that the confor-

mational stability of proteins in simple in vitro conditions is

similar to that displayed in the complex intracellular envir-

onment. To provide evidence for this assumption we

compared the stability of different SH3 domains submitted to

chemical denaturation in vitro and in bacterial cytosolic

extracts using pulse proteolysis. Native-state proteolysis allows

investigating the thermodynamic accessibilities of partially or

fully unfolded forms (cleavable forms) under equilibrium

conditions both in vitro and in cell lysates [32, 49]. Purified

MAXF, WT and C8A-I25V domains as well as the lysates of

cells expressing these variants were equilibrated in the

presence of increasing concentrations of urea at 181C, diges-

ted with thermolysin at 371C for 2 min and the amount of

protease resistant SH3 domain at the different chaotropic

agent concentrations was analyzed on Tricine-SDS gels

(Fig. 7). Unfortunately, the presence of urea in this type of

gels promoted broadening and diffusion of the SH3 bands,

precluding accurate quantification and therefore calculation of

the precise Cm for proteolysis. Nevertheless, we could confirm

that the qualitative resistance of SH3 domains to proteolysis in
vitro and cell lysates are similar, as previously described for the

small GTPase protein H-ras [49]. The unstable mutant MAXF

is almost totally digested even in the absence of urea,

supporting the notion that a significant population of this

domain is unfolded at physiological temperature, and there-

fore susceptible of aggregation as shown in the previous

section. The over-stabilized C8A-I25V mutant essentially

remains resistant to proteolysis under all the conditions of the

assay whereas the WT displays an intermediate stability in

front of proteolysis and remains resistant at moderate urea

concentrations. Therefore, as a trend, the stabilities of SH3

against chemical denaturation in vitro and in the more

complex cell lysate appear to be associated.

Figure 6. Aggregation kinetics of SPC-SH3 domains in cell

lysates at 371C. The cytosolic fractions of cells expressing MAXF

(empty circles), MAXI (solid circles), WT (empty squares) and

C8A-I25V (solid squares) domains at 181C were incubated at 371C

and the percentage of SH3 domain remaining soluble quantified

at each time point on Tricine-SDS/12% (w/v) PAGE gels. The

aggregation reactions of MAXF and MAXI were fitted to first-

order reactions to calculate the corresponding rate constants.

Standard errors for aggregation values are shown.

Urea (0 - 5M)

-
P *

C *CMAXF

P *

C *
WT

C

P *

C8A -I25V
C *

Figure 7. In vitro and in situ analysis of SPC-SH3 domains

conformational stability by pulse proteolysis. Tricine-SDS/12%

(w/v) PAGE gels of (P) purified SH3 domains and (C) cytosolic

fractions of cells expressing SH3 domains equilibrated overnight

at the indicated urea concentrations and pulse treated with

thermolysin. An arrow indicates the location of SH3 domains.

The star indicates aprotinin (6500 Da). In the negative control

line (–) the protein was incubated in the absence of urea and

thermolysin.
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As discussed above, the apparent inertness of cytosolic

proteins on the stability of SH3 domains does not necessarily

apply in vivo since the cellular context differs significantly

from that in the dilute cell lysate. The much more crowded

environment inside the cell may condition the conforma-

tional energetics of proteins [50]. Nevertheless, in principle,

one should not expect the effect of macromolecular crowding

being more important for some of the proteins in our set

than for others and therefore the relative stabilities of the

different proteins in vitro or in the cytosolic extracts are

expected to resemble, at least in relative terms and for this

particular SH3 domain set, those in the cellular background.

3.8 Correlation between the stability of SH3

domains against proteolysis under non-

denaturing conditions in vitro and in cell lysates

Chemical denaturation is perhaps the most widely used

technique to approximate protein thermodynamic stability.

However, the denaturation of a protein by chaotropic agents

may not necessarily reflect the unfolding of the polypeptide

in the native cell conditions, even when complete cell lysates

are used, like in the present work. To study protein stability

under near to native conditions we followed the kinetics of

proteolysis by thermolysin at 371C in the absence of dena-

turants. We analyzed the proteolytic stability of purified

MAXF, WT and C8A-I25V proteins as well as of cell lysates

containing these domains (Fig. 8). Again, a qualitative

agreement between the in vitro resistance to proteolitic

digestion and that in cell lysates is observed for the three

SPC-SH3 domains. The destabilized mutant MAXF is

almost totally digested after 1 min of reaction, whereas WT

and specially the over-stabilized C8A-I25V exhibit a much

lower digestion rate in both purified and crude samples.

Therefore, a qualitative association between the resistance of

a particular SH3 domain in front of chemical denaturation

and its resistance to proteolysis under native-like conditions

is observed, suggesting that the thermodynamic stability of

the domain is a critical factor controlling the exposure of

natively protected thermolysin cleavable sequences.

4 Concluding remarks

The increasing evidence for the formation of amyloid-like

structures in E. coli makes this organism a tractable system to

understand the molecular determinants shaping protein

aggregation in the cell. Here we have exploited this system to

discriminate whether the deposition of small globular

proteins in the bacterial cytosol is dependent on the thermo-

dynamic or the kinetic stability, using the well-characterized

SPC-SH3 domain as a model system. This constitutes one of

the few studies experimentally addressing how in vitro folding

and unfolding rates correlate with intracellular protein

aggregation. Overall, the present results allow us to propose a

model for the aggregation of recombinant SH3 domains in

the bacterial cytosol. The connection between conformational

stability and aggregation in SH3 domains is likely a conse-

quence of the folded and unfolded states being in rapid pre-

equilibrium relative to the rate of aggregation. Under these

conditions, self-assembly reactions become mainly sensitive to

the population of unfolded molecules in equilibrium with the

native state for each particular sequential variant. The in vitro
folding and unfolding rates of many small globular proteins

are known or expected to be in the same range as that of SPC-

SH3 [51]. In addition, the cellular concentrations in normal

physiological conditions are likely much lower than those in

the present study for most of these proteins. Taken together

these evidences suggest that the thermodynamic stability

might be an important factor modulating the intracellular

aggregation of small domains displaying a fast folding process

that follows a two-state mechanism.

In principle, if solubility and stability are associated, a

high conformational stability would constitute a selective

advantage since the anomalous self-assembly of polypep-

tides has, in most cases, deleterious effects for the cell.

Then, the question arises: Why do natural proteins display

only a marginal stability of few kcal/mol? On the one hand,

there is growing evidence that protein stabilization can be

detrimental to function [52, 53]. On the other hand, if

aggregation rates are small enough, even marginal stabi-

lities might provide protection against protein aggregation

in a physiological relevant timescale. Recent works by

Tartaglia and Vendruscolo [54–56] as well as by our group

Figure 8. In vitro and in situ analysis of SPC-SH3 domains

proteolytic resistance under native-like conditions. Tricine-SDS/

12% ( w/v) PAGE gels of time-course proteolysis experiments

under non-denaturing conditions. (P) purified SH3 domains and

(C) cytosolic fractions of cells expressing SH3 domains were

incubated at 371C in the presence of thermolysin for the indi-

cated time.
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[57] indicate that highly abundant proteins display sequen-

tial features that decrease their aggregation propensity from

unfolded states. This evolutionarily developed protection

mechanism suggests that the concentration of abundant

proteins is probably high enough for their aggregation rates

to be relevant in the cellular environment and timescale, in

such a way that the presence of high-energy conformations,

including partially or globally unfolded species, in dynamic

equilibrium with the native conformation might become a

danger. To the best of our knowledge, the specific stability

features of high- and low-abundant proteins have not been

addressed yet. In principle, one might also expect that

highly abundant proteins display higher stabilities to

prevent their aggregation, but it is likely that the deleterious

effects of high stability and conformational rigidity on

protein activity would largely counterbalance this effect. In

such cases, a high kinetic stability might provide protection

against aggregation without a need for more stable but

inactive conformations [58].

There is an increasing interest in developing efficient

algorithms to predict the aggregation of proteins in living

organisms. To a first approach, without taking into account

the important role of the cellular quality control machinery

on the protein folding homeostasis, the aggregation of small

globular domains in the cell might be modeled as a

combination of the intrinsic aggregation propensity of the

polypeptide unfolded state as determined by the sequence,

the population of the unfolded state at equilibrium as

determined by the in vivo thermodynamic stability and the

aggregation rate in this environment as determined by the

protein concentration and solution conditions. Therefore, it

is suggested that the introduction of stability features should

be seriously considered in algorithms aimed to predict the

aggregation propensities of globular proteins in their

physiological or heterologous environments. Importantly,

the firsts steps towards this direction have been already

taken and shown to increase the accuracy of aggregation

predictions for structured proteins [59].
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Abstract

Protein aggregation underlies a wide range of human disorders. The polypeptides involved in these pathologies might be
intrinsically unstructured or display a defined 3D-structure. Little is known about how globular proteins aggregate into toxic
assemblies under physiological conditions, where they display an initially folded conformation. Protein aggregation is,
however, always initiated by the establishment of anomalous protein-protein interactions. Therefore, in the present work,
we have explored the extent to which protein interaction surfaces and aggregation-prone regions overlap in globular
proteins associated with conformational diseases. Computational analysis of the native complexes formed by these proteins
shows that aggregation-prone regions do frequently overlap with protein interfaces. The spatial coincidence of interaction
sites and aggregating regions suggests that the formation of functional complexes and the aggregation of their individual
subunits might compete in the cell. Accordingly, single mutations affecting complex interface or stability usually result in
the formation of toxic aggregates. It is suggested that the stabilization of existing interfaces in multimeric proteins or the
formation of new complexes in monomeric polypeptides might become effective strategies to prevent disease-linked
aggregation of globular proteins.
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Introduction

The formation of insoluble amyloid protein deposits in tissues is

related to the development of more than 40 different human

diseases, many of which are debilitating and often fatal. The

polypeptides responsible for these disorders are not related in

terms of sequence or conformation [1–6]. Some of these proteins

and peptides are mostly unstructured. Examples include amylin,

amyloid-b-protein and a-synuclein. In contrast, many other

amyloidogenic proteins are globular in their native state, implying

that they have a properly packed and cooperatively sustained

structure under physiological conditions. This group includes ß-2-

microglobulin, transthyretin, lysozyme, superoxide dismutase 1

and immunoglobulins. As a general trend, evolution has endorsed

globular proteins with solubility in their biological environments

[7]. However, it has been shown that, in vitro, under conditions

where they become totally or partially unfolded, both these

pathogenic proteins [8–11] and many globular polypeptides not

related to disease [12–15] readily convert into aggregates and

ultimately into highly structured amyloid fibrils. This self-assembly

process is triggered by the destabilization and opening of the

native structure, which exposes previously protected aggregation-

prone regions that can nucleate the aggregation reaction and

participate in forming the b-core of the mature fibril through

specific intermolecular interactions [16–18]. Such amyloidogenic

sequence stretches have been described in most of the polypeptides

underlying neurodegenerative and systemic amyloidogenic disor-

ders. The main intrinsic protein properties that promote the

assembly of such sequences into fibrils have been recently defined

[19], and several algorithms that predict amyloidogenic sequences

with good accuracy are already available [3,20,21].

Although the study of protein aggregation from non-native

states has provided a wealth of data on the physico-chemical

determinants of amyloid formation, little is known about how

globular proteins aggregate from their initially folded and soluble

conformations under physiological conditions, where extensive

unfolding is not expected to occur [22]. Deciphering this issue is

important because the deposition of globular polypeptides is linked

to devastating disorders, and there is an urgent need for

therapeutic intervention.

Protein aggregation can be seen as an anomalous type of

protein-protein interaction. In functional interactions, binding

partners come together in a stable and precise orientation in

seconds [23]. This efficiency relies on the structural features of the

interacting surfaces. Perhaps the most significant characteristic of a

functional protein-protein interface is the presence of small high-

affinity regions within the interface, with a reduced number of

residues accounting for most of the binding energy [24–26].

Several computational approaches have been shown to forecast

such regions with high accuracy [27–34]. Statistical analysis of the

structures of protein-protein interfaces has revealed that trypto-

phan, phenylalanine, and methionine and to a lesser extent

leucine, valine, and tyrosine are preferentially conserved at

interaction sites [35]. The same residues have been shown to be

conserved in the aggregation-prone sequences of the human

proteome [36]. This suggests an intriguing possibility: that

amyloidogenic regions and interacting surfaces might overlap in

globular proteins. Several of the folded proteins linked to amyloid
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diseases display quaternary structure or are bound to other

proteins in their physiological context. If these interactions

specifically cover amyloidogenic regions, they could play a role

in protecting native-state proteins from aggregation. Alternatively,

incorrect docking of interfaces might facilitate the assembly of

overlapping amyloidogenic regions and therefore the formation of

toxic protein aggregates of globular proteins. In the present work,

we have used available computational approaches to predict

aggregation-prone sequences and interacting residues in order to

assess the extent to which these regions coincide in pathogenic and

non-pathogenic proteins.

Results/Discussion

Prediction of Aggregation-Prone Regions and Protein-
Protein Interaction Sites

The prediction of regions responsible for aggregation based on

the primary sequence of a protein has been tackled by several

methods, from simple considerations of the properties of amino

acids to complex molecular dynamics calculations [37–44].

Overall, most of these methods predict with reasonable precision

the regions of proteins in the cross-ß core of amyloid fibrils. This

accuracy allows the proposal that the aggregation propensity of a

polypeptide chain is ultimately dictated by the sequence [45]. Here

we have used four different algorithms in parallel to provide a

consensus prediction of the amyloidogenic regions in globular

proteins linked to deposition diseases (see Methods). We chose the

algorithms implemented by Fernandez-Escamilla et al. (TANGO)

[38], Conchillo-Sole et al. (AGGRESCAN) [40], Galzitskaya et al.

[41], and Zhang et al. [43]. All of them use the primary sequence

as input and assume that the detected regions need to be at least

partially exposed to solvent in order to nucleate the aggregation

reaction.

Identification of binding sites in polypeptides is a direct

computational approach to deciphering biological and biochem-

ical function. Although sequence-based approaches to identifying

protein interfaces exist, their results are often unsatisfactory. Here,

we have used three different structure-based methods whose

algorithms are publicly available as web servers to produce a

consensus prediction of the interaction interfaces in the globular

proteins under consideration (see Methods). These structure-based

methods were developed by Fernandez-Recio et al. (ODA) [32],

Murakami and Jones (SHARP2) [31], and Negi et al. (InterProSurf)

[33]. Although they are based on different principles and

implement diverse computational strategies, all of them use the

unbound three-dimensional structure of a globular protein as

input.

Two levels of prediction were considered: i) residues predicted

or shown to be both in aggregation-prone regions and at interfaces

and ii) residues in aggregation-prone sequences that are close in

space to the interaction surface (below 3 Å). The interaction

predictions were compared with the experimentally determined

contacts in the quaternary structure of the proteins or in

complexes of the studied proteins with other polypeptides. The

regions predicted to have high aggregation propensity were

compared with fragments of the analyzed proteins shown

experimentally to form amyloid aggregates or to be located in

the core of the mature fibrils formed by these polypeptides. We

have defined a parameter called Interface Proximity Index (IPI) to

evaluate the degree to which an aggregation-prone region is closer

to a given interface than to the rest of the protein surface (see

Methods and Figure 1).

Human ß2-Microglobulin
Amyloidosis related to b2-Microglobulin (b2-m) is a common

and serious complication in patients on long-term hemodialysis

[46]. Two aggregation-prone regions encompassing residues 22–

31 and 60–70 were predicted for human b2-m (Figure 2). These

regions neatly coincide with two secondary structure elements in

b2-m: b-strand 2, formed by residues 21–31, and b-strand 6,

formed by residues 61–71. Interestingly, most of the residues in

these two regions appear to be solvent accessible (Table 1). In

agreement with the prediction, the fragments 21–31 and 21–41 of

b2-m self-assemble into fibrillar structures [47]. Also, a peptide

corresponding to residues 59–79 and its shorter version 59–71

both form amyloid fibrils [48].

A main interaction cluster is predicted for human b2-m

(Figure 2A). It involves Y26 and G29 in b-strand 2, residues

H31-S33 in the loop connecting b-strands 2 and 3, residues D53-

W60 in b-strand 5 and the adjacent loop, and finally, residues F62

and L63 in b-strand 6. Overall, 62% of the residues in regions with

high aggregation propensity are less than 3 Å from predicted ‘‘hot

spots’’ of interaction (Table 1), and 25% overlap with them.

Specifically, residues at positions 26, 29, 31, 60, 62, and 63 are

predicted to be important both for binding and for aggregation.

Class I major-histocompatibility-complex (MHC) molecules

(HLA molecules in humans) are ternary complexes of b2-m, an

MHC heavy chain, and a bound peptide [49]. The crystal

structures of several of these complexes have been solved,

providing a benchmark to evaluate the accuracy of the predicted

interface. In HLA-A-class molecules, the interface of b2-m and the

HLA heavy chain is well conserved [50] and typically comprises

16 b2-m residues: K6, Q8, 10Y, 11S, 12R, N24, Y26, H31, D53,

S55, F56, W60, F62, Y63, D98 and M99. This includes 8 of the 15

interacting residues predicted for b2-m. Residues 24, 26, and 31

map to the first aggregation-prone region of b2-m, and residues

60, 62, and 63 map to the second one. Taking as an example the

structure of one such HLA-A complex (PDB ID: 1DUZ) [51],

85% of the residues in b2-m aggregating regions are less than 3 Å

from the interface in the complex (Table 1 and Figures 2B, 2D and

2E). The IPI values confirm that these regions are preferentially

located close to the interface of the complex (Table 1 and

Figure 1A).

Author Summary

The aggregation of proteins in tissues is associated with
the pathogenesis of more than 40 human diseases. The
polypeptides underlying disorders such as Alzheimer’s and
Parkinson’s are devoid of any regular structure, whereas
the polypeptides causing familial amyotrophic lateral
sclerosis or nonneuropathic systemic amyloidosis corre-
spond to globular proteins. Little is known about the
mechanism by which globular proteins under physiolog-
ical conditions aggregate from their initially folded and
soluble conformations. Interestingly, several of these
pathogenic proteins display quaternary structure or are
bound to other proteins in their physiological context. In
the present work, we show that protein-protein interaction
surfaces and regions with high aggregation propensity
significantly overlap in these polypeptides. This suggests
that the formation of native complexes and self-aggrega-
tion reactions probably compete in the cell, explaining
why point mutations affecting the interface or the stability
of the protein complex lead in many cases to the
formation of toxic aggregates. This study proposes general
strategies to fight against diseases associated with the
deposition of globular polypeptides.

Globular Proteins Aggregation
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Inside the cell, b2-m associates with the non-classical HLA class

I molecule human hemochromatosis protein (HFE) [52]. Hered-

itary hemochromatosis is a genetic disorder characterized by

defects in iron metabolism and associated with mutations in the

HFE gene [53]. Some of these mutations prevent the binding of

HFE to b2-m. There are 18 b2-m residues at the HFE/b2-m

complex interface, according to its crystal structure (PDB ID:

1A6Z) [54] : I1, Q8, 10Y, 11S, 12R, N24, Y26, H31, D53, L54,

S55, F56, W60, Y63, F62, L65, D98, and M99, including 9 of the

15 predicted interaction sites. Residues 24, 26, and 31 correspond

to the first aggregation-prone region of b2-m and residues 60, 63,

62, and 65 to the second. Another significant feature of this

complex is that 76% of the residues in regions with high

aggregation potential are close to the interface with b2-m

(Table 1 and Figure 2C). Therefore, the docking of the HLA

heavy chain and HFE molecules on top of b2-m covers most of the

residues in aggregation-prone regions because they are close to the

interaction sites, as illustrated by their high IPIs (Table 1,

Figure 1A and Figures 2F, 2G).

Aggregation of b2-m under physiological conditions is thought

to be initiated by a cis-trans prolyl isomerization of the H31-P32

peptide bond [22]. The transition promotes repositioning of the

hydrophobic side chains of F30, L54, F56, W60, F62, and Y63 as

shown in the structures of the P32A and P32G mutants [55,56].

Interestingly enough, all of these residues map in an aggregation-

prone segment and/or at the interface. Although speculative, it is

tempting to propose that conditions that promote the dissociation

of b2-m complexes with the above proteins or related ones may

uncover this region and facilitate its fluctuation towards amyloi-

dogenic conformations. In fact, in vivo, b2-m is continuously shed

from the HLA molecules in the cell surface into the serum and

transported to the kidneys where it is eliminated. Renal failure

increases the levels of circulating b2-m more than 50-fold and

promotes its self-assembly and conversion into amyloid fibrils [57].

Consequently, dissociation of b2-m from the class I HLA complex

effectively constitutes a critical initial step in its aggregation into

amyloid fibrils.

Because the b2-m regions likely to be involved in aggregation

are already located in preformed b-strands, local fluctuations may

allow anomalous intermolecular interactions between these

preformed elements, leading to the formation of an aggregated

b-sheet structure without extensive unfolding. In this context, the

formation of b2-m complexes both inside the cell and on the cell

surface might play a protective role against b2-m aggregation,

either by reducing conformational fluctuations or by preventing

the exposure of dangerous amyloidogenic regions, or both.

Human Transthyretin
Transthyretin (TTR) constitutes the fibrillar protein found in

familial amyloidotic polyneuropathy (FAP), familial amyloidotic

cardiomyopathy, and central nervous system amyloidosis. Around

100 different TTR mutations have been reported, many of which

Figure 1. Interface Proximity Index (IPI) of aggregation-prone regions in human globular amyloidogenic proteins. Aggregation-prone
regions are coloured according to their IPI values (see the scale). A) b2-microglobulin, B) transthyretin, C) immunoglobulin G heavy chain, D) SOD1
and E) immunoglobulin light chain variable domain.
doi:10.1371/journal.pcbi.1000476.g001
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are amyloidogenic [58]. Native TTR is a homotetramer. Five

aggregation-prone regions are predicted for the TTR monomer.

They encompass residues 11–19, 26–34, 92–96, 105–112, and

115–121. In this case, the aggregation-prone sequences appear to

coincide precisely with preformed b-sheet structures: A b-strand

(11–19), B b-strand (26–36), F b-strand (91–97), G b-strand (105–

112), and H b-strand (115–121). In concordance with the

prediction, peptides 10–20 and 105–115, which map in the first

and fourth aggregation-prone regions, have been shown to

assemble into amyloid fibrils [59,60].

A single interaction patch is predicted for the TTR monomer

(Figure 3A). It involves 19 residues located in the A b-strand (L17,

A19), in the loop between the A and B b-strands (V20–S23), in the

a-helix (L82), in the loop between the helix and the F b-strand

(S85-F87), in the F b-strand (E92), in the G and H b-strands, and

in the loop between the G and H b-strands (L110, S112-T118).

TTR is a dimer of dimers. In the dimers formed by the A and B or

the C and D chains, the predicted clusters are contiguous, forming

a large and continuous interaction patch. Of the residues in

aggregation-prone regions in TTR, 41% are within 3 Å of

predicted interaction sites (Table 1). With the exception of the I26-

R34 fragment, all the regions with high aggregation propensity are

located close to the predicted interface, and 30% of the residues in

these segments overlap with predicted interaction sites. Residues

17, 19, 92, 110, 112, and the stretch 115–118 are predicted to be

important both for aggregation and interaction events.

The crystal structure of the TTR tetramer (PDB ID: 1TTA)

[61] reveals that the real interfaces between the four individual

TTR chains involve residues L17, A19-S23, F87-E89, E92, V94-

T96, Y105, L110, and S112-V122. In good agreement with the

prediction, the interfaces include 16 of the 19 predicted interacting

residues. Residues 17 and 19 map to the first aggregation-prone

region, residues 92 and 94–96 to the third one, and residues 110

and 112–122 to the fourth and fifth stretches. Significantly, if we

exclude the I26-R34 region (IPI,0), 90% of the residues in

aggregating regions are close to the two interfaces of the TTR

tetramer as confirmed by their overall high IPIs (Table 1,

Figure 1B and Figures 3B, 3C). Accordingly, although these

regions are mostly accessible to solvent in the monomer, they

become protected in the native quaternary structure of TTR by

the interaction of the TTR subunits (Figure 3D).

Dissociation of the TTR tetramer has been reported as a

prerequisite for amyloidosis. The tetrameric structure dissociates

into AB and CD dimers, but they are unstable in the absence of

additional quaternary interactions, explaining why TTR exists in a

primarily tetramer-monomer equilibrium [62]. The crystal

structures of more than 10 FAP-related variants have been solved,

showing that the mutants are essentially identical in tertiary and

quaternary structure to the wild-type protein, precluding the

presence of preformed conformational defects in the amyloido-

genic mutants [63]. However, FAP-associated mutants are

destabilized even when tetrameric. This destabilization favors

tetramer dissociation to the amyloidogenic monomeric intermedi-

ate, exposing previously hidden, preformed, aggregation-prone b-

strands. In this context, the overlap of interaction and aggregation

surfaces in the AB and CD dimers appears to be an effective way

Figure 2. Aggregation and interaction regions in human ß2-microglobulin. In all panels, b2-microglobulin aggregation-prone residues at
less and more than 3 Å from interaction sites are shown in red and green, respectively. Interface residues not included in aggregation-prone regions
are shown in dark blue. Rest of residues are shown in light blue. A) The predicted interaction surface for monomeric b2-microglobulin is used for
calculation. B) The interface between b2-microglobulin and HLA heavy chain is used for calculation (PDB ID:1DUZ). C) The interface between b2-
microglobulin and HFE is used for calculation (PDB ID:1A6Z). D and E) Front (same orientation that in B) and back view of the b2-microglobulin/HLA
heavy chain complex. F and G) Front (same orientation that in C) and back view of the b2-microglobulin/HFE complex.
doi:10.1371/journal.pcbi.1000476.g002
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Table 1. Comparison of aggregation predictions and experimental available data for human globular proteins and proximity of
aggregation-prone regions to predicted and real interfaces.

Predicted Aggregation
segments Fibril formers

% residues close to
predicted Interface1

% residues close to
real interface2 IPI

% solvent accessible
residues

ß2-Microglobulin (HLA)

22–31 21–31 70 (20) 100 (18) 0.88 65

21–41

60–70 59–79 54 (24) 73 (30) 0.58 100

59–71

ß2-Microglobulin (HFE)

22–31 21–31 70 (20) 70 (12) 0.83 65

21–41

60–70 59–79 54 (24) 81 (31) 0.62 100

59–71

Transthyretin

11–19 10–20 44 (22) 77 (36) 0.46 66

26–34 - 0 (53) 0 (68) ,0 66

92–96 - 40 (42) 100 (0) 1 100

105–112 105–115 62 (30) 100 (40) 0.6 100

115–121 - 62 (32) 100 (0) 1 100

SOD1

4–8 - 0 (13) 100 (3) 0.97 66

100–106 - 43 (12) 0 (19) ,0 66

111–120 - 70 (18) 50 (14) 0.72 100

146–153 - 87 (21) 87 (2) 0.97 100

Lysozyme

25–33 - 33 0 (25) ,0 44

57–66 - 90 40 (32) 0.20 60

76–84 26–123 56 56 (25) 0.55 88

108–114 - 86 0 (46) ,0 100

Immunoglobulin (LC)

19–23 - - 0 (38) ,0 71

31–38 - - 89 (24) 0.71 75

46–51 - - 50 (30) 0.4 71

71–78 - - 0 (43) ,0 62

84–89 - - 83 (18) 0.78 66

Immunoglobulin (HC)

29–38 - - 50 (20) 0.60 80

45–52 - - 75 (25) 0.67 82

87–93 - - 57 (24) 0.58 57

100–106 - - 100 (16) 0.84 100

275–281 - - 0 (31) ,0 71

289–299 - - 0 (52) ,0 100

322–331 - - 0 (37) ,0 80

390–396 - - 63 (13) 0.79 57

435–442 - - 100 (16) 0.84 75

1Percentage of residues in the aggregation-prone region at less than 3 Å from a protein predicted interaction residue.
2Percentage of residues in the aggregation-prone region at less than 3 Å from a residue located at the interface of the following complexes: b2-microglubulin in
complex with HLA heavy chain [1DUZ] and with HFE [1A6Z]. Native tetrameric structure of transthyretin (PDB code 1TTA). Dimeric structure of SOD1 (PDB code 2C9V).
Lysozyme in complex with a camelid antibody (PDB code 1OP9). Dimeric structure of Immunoglobulin LC variable domain (PDB code 2Q20). HCs and LCs of a IgG1
human immunoglobulin (PDB code 1HZH).

1,2In brackets the percentage of residues in the aggregation-prone region close to a random surface of the same size than the considered interface.
doi:10.1371/journal.pcbi.1000476.t001
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to prevent TTR amyloidogenesis in physiological conditions. The

success of this strategy is best exemplified by the behavior of the

T119M TTR mutant. The presence of the T119M allele alleviates

the effect of the aggressive V30M amyloidogenic mutation in

patients carrying these two variants. It has been shown that

heterotetramers that incorporate T119M subunits are more stable,

dissociate at lower rates, and accordingly are less amyloidogenic

[64].

Human Copper-Zinc Superoxide Dismutase
Familial amyotrophic lateral sclerosis (fALS) is characterized by

the presence of Copper-Zinc Superoxide Dismutase (SOD1)

inclusions in spinal cords [65]. Native SOD1 is a homodimer.

The SOD1 monomer displays four regions with high aggregation

potential. They encompass residues 4–8 in ß-strand 1, 100–106

and 111–120 in ß-strands 6 and 7 and the loop connecting them,

and residues 146–153 in ß-strand 8.

A total of 14 residues are predicted to be at the interface of the

SOD1 monomer (Figure 4A). They correspond to E21, W32,

G33, S105, S107, G108, H110, C111, I113-R115, G147, V148,

and I151. Of the residues in aggregation-prone regions in SOD1,

61% are less than 3 Å from predicted interaction sites (Table 1),

and 25% of them overlap the predicted interaction sites. In

particular, residues 105, 111, 113, 114, 115, 147, 148, and 151 are

predicted to be involved in both binding and aggregation.

According to the crystal structure of the SOD1 dimer (PDB ID:

2C9V) [66], the real interface between the two SOD1 subunits

involves residues V5, V7, F50-T54, I113-R115, V148, and G150-

Q153 (Figure 4B). Therefore, the interaction prediction is poor for

the N-terminal part of SOD-1 but accurate for residues in the C-

terminal region. Residues V5 and V7 are part of the first

aggregation-prone region, S105 part of the third one, I113-R115

part of the fourth stretch, and V148 and G150-Q153 part of the

last one. All the residues in the first and last aggregation-prone

segments as well as residues C111-T116 are close to the dimer

interface (Table 1). Accordingly, except for the 100–106 stretch

(IPI,0), all the regions with high aggregation propensity in SOD

display high IPIs (Table 1 and Figure 1D). Three out of the four

cysteine residues in each SOD1 monomer (6, 111, and 146) are in

those sequence stretches. C6 and C111 are present in the form of

free cysteines whereas C146 forms a disulfide bond with C57. All

of these regions are accessible to solvent in the monomeric form

but become partially or totally protected upon dimer association

(Figure 4C and 4D).

FALS has been shown to be associated with more than 100

different SOD1 mutations, which are scattered throughout the

Figure 3. Aggregation and interaction regions in human transthyretin. In all panels, transthyretin (TTR) aggregation-prone residues at less
and more than 3 Å from interaction sites are shown in red and green, respectively. Interface residues not included in aggregation-prone regions are
shown in dark blue. Rest of residues are shown in light blue. A) The predicted interaction surface of a TTR monomer is used for calculation. B) The
interface in the native tetrameric structure of TTR is used for calculation (PDB ID:1TTA). C) Dimer of TTR. D) TTR native tetrameric structure. The first
dimer is twisted 90u relative to C, the second one is shown in yellow.
doi:10.1371/journal.pcbi.1000476.g003
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three-dimensional structure [67]. Among them, the A4V mutation

has received special attention because it results in a rapidly

progressing form of fALS [68]. Animal models suggest that the

pathogenicity of the A4V SOD1 arises from an increased propensity

to aggregate, forming amyloid fibrils or pores [69]. A4 is near the

dimer interface and maps in the first aggregation-prone region.

Hasnain and co-workers solved the crystal structures of dimeric

forms of A4V and another FALS mutant, I113T [70]. I113 is also at

the interface, in the third aggregation-prone region. Both variants

display the same monomer fold and active-site geometry as WT, but

their interfaces are destabilized. Ray and Lansbury have shown that

a covalent link between the two A4V SOD1 subunits abolishes

aggregation, suggesting that the monomer is an obligate interme-

diate along the aggregation pathway [71]. Other studies also

support the idea that monomerization leads directly to aggregation

and fibrilization [72]. However, other lines of evidence suggest that

the cytotoxic properties of SOD1 are triggered by an incorrect

connection of its cysteine residues. In support of this view, the

toxicity of recombinant SOD1 in cultured cells is lost upon

mutational removal of C6 and C111 [11], and nucleation of the

aggregation reaction requires the presence of cysteine thiolates at

both positions 57 and 146 [72]. In any case, it appears that the

interface plays a protective role against aggregation in SOD1, by

preventing the direct assembly of pre-formed and exposed

aggregation-prone regions in the monomer, by stabilizing the

monomer against conformational fluctuations that might expose

amyloidogenic sequences, or by preventing the exposure and

reshuffling of cysteine residues. Based on these observations, it has

been proposed that the stabilization of the SOD1 dimer interface

could become an effective approach to fight against fALS [71].

Human Immunoglobulins
The light chains (LCs) of immunoglobulins have been

implicated in the pathogenesis of amyloidosis in patients with

monoclonal B-cell proliferative disorders (AL amyloidosis) [73].

When immunoglobulin molecules are secreted, two heavy chains

(HCs) usually pair with two LCs to create a heterotetramer.

Occasionally, free LCs are secreted, and these LCs can form

homodimers. LC dimers can be innocuous, but they can also

aggregate into pathogenic species. We have analyzed the

aggregation propensity and interfaces of a non-pathogenic LC

dimer (PDB ID: 2Q20) [74]. Five aggregation-prone regions are

detected, encompassing residues 19–23, 31–38, 46–51, 71–78, and

84–89 located in the ß3, ß4 ß5, ß9, and ß10 strands, respectively

(Table 1). The interface of the dimer involves 13 residues: D34,

Y36, Q38, K42-P44, L46, E55, Y87, Q89, Y91, Y96, and F98.

According to their IPIs, the second and fifth stretch are located

preferentially at the interface of the complex, with 89% and 83%

of their residues less than 3 Å from the interface, respectively

(Table 1, Figure 1E and Figures 5A, 5B). It is important to note

that both stretches map in preformed ß strands.

AL is distinct from other types of amyloidosis in that

hypervariability yields a different set of mutations in each patient.

Ramirez-Alvarado and co-workers have characterized an LC

Figure 4. Aggregation and interaction regions in human SOD1. In panels A, B and C SOD1 aggregation-prone residues at less and more than
3 Å from interaction sites are shown in red and green, respectively. Interface residues not included in aggregation-prone regions are shown in dark
blue. Rest of residues are shown in light blue. A) The predicted interaction surface of a SOD1 monomer is used for calculation. B) The interface in the
native dimeric structure of SOD1 is used for calculation (PDB ID:2C9V). C) Native dimer of SOD1, the second monomer is shown in yellow. D) Ribbon
representation of the SOD1 dimer, predicted aggregation-prone regions are shown in red.
doi:10.1371/journal.pcbi.1000476.g004
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dimer isolated from an AL patient [74]. The pathogenic protein

differs from its germline in seven residues. Only three changes are

non-conservative, and all of them are located at the dimer

interface: N34I, K42Q, and Y87H. The N34I and Y87H

mutations occur precisely in the second and fifth aggregation

prone regions in the protein. Ramirez-Alvarado and co-workers

found that the mutant dimer has an interface that is rotated 90u
from the canonical LC interface. The altered interface was

accompanied by decreased thermodynamic stability of the dimer

and accelerated fibril formation. This might result from the

exposure and self-assembly of the above preformed aggregation-

prone ß segments upon dimer destabilization or dissociation.

Interestingly, the restorative mutation H87Y suffices to regain

thermodynamic stability, delay amyloid formation, and restore the

canonical dimer interface, illustrating a delicate balance between

native and aberrant protein self-assembly.

Although AL is more frequent, in some systemic amyloidosis the

amyloid deposits consist of an unusual form of IgG1 heavy chain

(HC) [75]. The amyloid protein contains the complete heavy-

chain variable (VH) domain contiguous to the third constant

region (CH3) due to the total absence of the first (CH1) hinge and

second (CH2) heavy-chain constant regions [75].

Using the structure of a complete human IgG1 antibody [76] as

a model (PDB ID: 1HZH), we detected nine aggregation-prone

regions in the heavy chain (Table 1). Four of the aggregation-

prone regions are in the VH domain (29–38, 45–52, 87–93, and

100–106), three in the CH2 domain (275–281, 289–299, and 322–

331), and two in the CH3 domain (390–397 and 435–442).

Analysis of the structure of the oligomeric form of the antibody

reveals that only the regions in the VH and CH3 domains of the

heavy chain display high IPI values and therefore are adjacent to

the interface in the native heterotetramer (Table 1, Figure 1C and

Figures 5C, 5D). The truncated, pathogenic form of the IgG is

found in monomeric form in urine, indicating that either it cannot

associate or it dissociates from the light and heavy chains that

block the exposure of the detected aggregating regions in a normal

heterotetrameric IgG molecule. These sequence stretches are

located in preformed ß strands and are ready for self-assembly

reactions that might result in the observed amyloid deposits.

Protein Binding Prevents Aggregation: Human Lysozyme
and Aß42

Human lysozyme forms amyloid fibrils in individuals suffering

from nonneuropathic systemic amyloidosis. The disease is always

Figure 5. Aggregation and interaction regions in human immunoglobulins. In all panels, immunoglobulin (Ig) aggregation-prone residues at less
and more than 3 Å from interaction sites are shown in red and green, respectively. Interface residues not included in aggregation-prone regions are shown
in dark blue. Rest of residues are shown in light blue. A) The interface in the native structure of Ig light chain variable domain (LC) is used for calculation (PDB
ID: 2Q20). B) Native homodimer of Ig LC, the second monomer is shown in yellow. C) The interface in the native structure of IgG heterotetramer is used for
calculation and the Ig heavy chain (HC) represented (PDB ID: 1HZH). D) Native IgG heterotetramer. Ig LCs and the second Ig HC are indicated.
doi:10.1371/journal.pcbi.1000476.g005
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associated with non-conservative point mutations in the lysozyme

gene [77]. Four aggregation-prone regions were detected in

human lysozyme, corresponding to residues 25–33, 57–66, 76–84,

and 108–114. The first region maps in helix B, the second and

third in the loop of the b-domain, and the last one around the

short helix D (Table 1). In good agreement with the predictions,

recent experimental data shows that the region comprising

residues 26–123 is preferentially protected from proteolysis once

it is incorporated into lysozyme amyloid fibrils [78].

Two different interaction clusters are predicted for human

lysozyme (Figure 6A), one in the a-domain and the other in the ß-

domain. The first involves residues in the loop of the b-domain:

N60, R62-W64, N66, A73-N75, A76, and H78. The second

cluster is located in helix C and around helix D and corresponds to

residues A94, K97, R98, R107-W109, and W112. Residues K33

and W34 in helix B are also predicted to be involved in protein-

protein interactions. Overall, 66% of the residues in regions with

high aggregation propensity are less than 3 Å from predicted

interaction sites, and 31% overlap with them. Residues 33, 60, 62–

64, 66, 76, 78, 108, 109, and 112 might be implicated in both

binding and aggregation reactions. Interestingly, residues I56, F57,

W64, and D67, which are mutated in the four known single-

residue familial variants associated with lysozyme amyloidosis, are

comprised of or very close to protein segments with high

aggregation propensity and/or interaction sites.

The mechanism of lysozyme aggregation under physiological

conditions probably involves thermal fluctuations that transiently

expose amyloidogenic regions [22]. These transitions are rare in

the wild type protein, but they are more frequent in mutated forms

related to amyloidosis. It has been suggested that residues 36–102

in the b-domain and helix C can unfold while the rest of the a-

domain maintains a native-like conformation [9]. In particular,

residues 78–80 have been proposed to have a high aggregation

propensity and the lowest structural protection, and therefore the

highest propensity to initiate aggregation [79]. This sequence

includes predicted interacting residues in the loop of the ß-domain

and also overlaps with the predicted 76–84 amyloidogenic region.

A single-domain fragment of a camelid antibody has been

shown to inhibit the in vitro aggregation of the D67H amyloido-

genic lysozyme variant [80]. The antibody epitope includes

neither the site of mutation nor most of the protein region

destabilized by the mutation; therefore it was suggested that the

binding of the antibody prevents aggregation by restoring the

structural cooperativity of the mutant protein through the

transmission of long-range conformational effects [80]. The

structure of the antibody-lysozyme complex (PDB ID: 1OP9)

reveals that the epitope consists of 14 residues of the lysozyme

molecule and encompasses residues located in the loop between

the A and B helices in the a-domain (L15, G16, Y20), in the long

loop within the ß-domain (A76, C77, H78, L79), and in the C-

helix (A90, D91, A94, C95, K97, R98, R101) (Figure 6B). The

epitope includes interaction residues in the first and second

predicted clusters. Also, the residues in the loop of the ß-domain

coincide with the 76–84 aggregation-prone region. Therefore, an

Figure 6. New interfaces at human lysozyme and Aß peptide aggregation-prone regions. In all panels, aggregation-prone residues at less
and more than 3 Å from interaction sites are shown in red and green, respectively. Interface residues not included in aggregation-prone regions are
shown in dark blue. Rest of residues are shown in light blue. A) The predicted interaction surface of lysozyme is used for calculation. B) The interface
between lysozyme and a camelid antibody is used for calculation (PDB ID: 1OP9). C) Lysozyme complex with a camelid antibody. D) Ribbon
representation of Aß peptide. The interface between the peptide and a designed affibody is used for calculation (PDB ID: 2OTK). E) Aß peptide bound
to a designed affibody.
doi:10.1371/journal.pcbi.1000476.g006
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alternative explanation for the protective action of the antibody

could be that by docking on top of interaction clusters, it impedes

the conformational fluctuation and exposure of the amyloidogenic

region around residues 70–80 (Figure 6C).

A nice example illustrating how new binding interfaces can

effectively inhibit amyloid formation has been recently reported

for the Alzheimer’s Ab peptide. Two aggregation-prone regions

comprising residues 16–21 and 29–40 are consistently predicted

for Ab (Figure 6D). The prediction is in excellent agreement with

the experimental data in the literature indicating that these regions

constitute the core of the Ab fibrils [81]. Härd and co-workers

have used the Z domain derived from staphylococcal protein A to

evolve variants of this domain able to bind to Ab with nanomolar

affinity and abolish its aggregation (affibodies) [82]. The solution

structure of one of these complexes illustrates how the affibody’s

protective effect is exerted by creating a new, continuous interface

with Ab that buries its two aggregation-prone regions within a

large hydrophobic tunnel-like cavity (Figure 6E).

Non-Amyloidogenic Monomeric Proteins
An important question to address is whether predicted

interaction interfaces and aggregation-prone regions also coincide

in monomeric and soluble proteins. Therefore, we have analyzed

the predicted properties of four well-characterized soluble

proteins: myoglobin, maltose binding protein, thioredoxin, and

ubiquitin.

Human myoglobin is a compact protein not related to disease.

Although after long exposure to high temperatures in vitro it

unfolds and assembles into amyloid fibrils [15], it is a highly

soluble protein in its native a-helical conformation. It displays four

regions with high aggregation potential encompassing residues 8–

15, 28–33, 67–76, and 110–117. This last segment partially

overlaps with the peptide fragment 100–114 found to form

amyloid structures in vitro [83]. A 12-residue interface is

consistently predicted for myoglobin. It consists of residues L40,

K42, F43, L89, S92, I99, P100, K102, Y103, I107, L137, and

F138. Interestingly enough, only one residue (I111) in the

predicted aggregating regions is close to the interface. In addition,

its side chain is buried, resulting in a surface where predicted

interaction and aggregation regions do not overlap (Figure 7A), a

feature that might have evolved to resist aggregation.

Maltose binding protein (MBP) endows fused proteins with

increased solubility indicating that it is by itself highly soluble [84].

However, because it is a relatively large protein (370 residues), 10

different aggregation prone regions are predicted, comprising a

total of 82 residues. Similarly to the case of myoglobin, although 8

of these residues are close to the predicted interface, comprising

residues F92, E153, F156, M321, E322, A324-I329 and W340,

their side chains are not significantly exposed to solvent

(Figure 7B).

Thioredoxin A (TRX) is another tag used to increase the

solubility of recombinant proteins [85]. Three aggregation-prone

regions comprising residues 22–27, 29–33, and 49–57 are detected

in human TRX. The predicted interaction surface comprises

residues T30-I38, D60, V71-T74, and A92. While the first and

third aggregation stretches are at more than 3 Å of the predicted

interface, the second one overlaps with it. Surprisingly, in contrast

to myoglobin and MPB, this region is exposed to solvent

(Figure 7C). This suggests that, as discussed in the previous

section, it could be involved in protein assembly reactions. In fact,

residues C32–C35 in this stretch constitute the consensus CXXC

motif in the TRX active site. In agreement with this hypothesis, we

found that in the solution structure of human TRX in a mixed

disulfide intermediate complex with its target peptide from the

transcription factor NF k-B, the second aggregation-prone region

in TRX is part of the complex interface [86] (Figure 7D).

The question arises of why TRX does not self-assemble when it

is free. It appears that evolution uses negative design to fight

against protein deposition by placing amino acids that counteract

aggregation at the flanks of protein sequences with high

aggregation propensity [45]. These residues are called aggregation

gatekeepers [87], and they reduce self-assembly using the repulsive

effect of charge (Arg, Lys, Asp and Glu), the entropic penalty on

aggregate formation (Arg and Lys), or incompatibility with ß-

structure backbone conformation (Pro) [88]. Interestingly, P34 is

adjacent in sequence to the TRX 29–33 aggregation prone region.

P34 and the two basic, protruding K37 and K39 residues flank this

region in the 3D-structure (Figure 7C), which overall would make

self-assembly reactions far more difficult.

Ubiquitin is a small, soluble and highly conserved regulatory

protein that is ubiquitously expressed in eukaryotes [89]. Three

aggregation-prone regions are detected in ubiquitin, including

residues 1–8, 42–47, and 67–74 in the ß1, ß3, and ß5 strands,

respectively. In this case, the regions of the protein with the highest

aggregation propensity overlap significantly with the predicted

interaction interface (Figure 7E). This suggests that in principle,

this surface is competent for protein assembly reactions.

Importantly, it has been shown that ubiquitin binding motifs,

such as CUE domains, bind precisely to a surface defined by the

ß1, ß3, ß4, and ß5 strands of ubiquitin (Figure 7F) [90], illustrating

again how aggregation-prone regions and interaction interfaces

tend to overlap. In fact, biochemical and genetic analyses have

defined the hydrophobic patch formed by the side chains of L8,

I44, and V70 on the surface of ubiquitin as a key determinant for

endocytosis and proteosomal degradation [91]. These three

residues are located in each of the three aggregation-prone regions

predicted for ubiquitin. Why, then, does ubiquitin not self-

assemble when it is unbound in solution? An examination of the

surface defined by the above ß-strands shows that ubiquitin uses

negative design principles to avoid aggregation, placing a large

number of positively charged residues on the edge of these strands

and adjacent to them (Figure 7E). Upon binding to ubiquitin-

binding domains, these basic residues are hidden at the complex

interface.

Non-Amyloidogenic Dimeric Proteins
It seems that the spatial coincidence of interfaces and sequences

promoting self-assembly is not restricted to amyloidogenic

proteins. To further confirm this extent, we analyzed the structure

of 25 different eukaryotic proteins shown to form homodimers

(Table 2 and Figure 8). As expected, the number of predicted

aggregation-prone regions in a protein correlates with its size

(R = 0.88). All the analyzed proteins present at least one

aggregation segment in which half of the residues are closer than

3 Å to the interface, and 96% of them have at least one

aggregation region in which .85% of the residues are adjacent to

the interface (Table 2 and Figure 8). This supports the idea that

the physico-chemical determinants of aggregation and native self-

assembly might overlap significantly and is consistent with the

observation that in homodimers, identical monomer subunits tend

to associate by hydrophobic interactions [92]. After protein

synthesis and folding, monomers probably associate rapidly into

native homodimers due to the high local concentration of identical

polypeptide chains, thus avoiding prolonged exposure of hydro-

phobic, aggregation-prone regions to solvent. Interestingly, in

heterodimers, in which monomers spend a larger part of their

lifetime in a non-associated state, the presence of gatekeeper

amino acids (Lys, Arg, Glu, Asp, and Pro) at the complex interface
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Figure 7. Aggregation and interaction regions in monomeric soluble proteins. In panels A–D, aggregation-prone residues at less and more
than 3 Å from interaction sites are shown in red and green, respectively. Interface residues not included in aggregation-prone regions are shown in
dark blue. Rest of residues are shown in light blue. In all panels the predicted interaction surface is used for calculation. A) Human myoglobin (PDB ID:
4MBN). B) Maltose Binding Protein (MBP) (PDB ID: 4MBP). C) Human thioredoxin (TRX) (PDB ID: 3TRX). Gatekeeper residues are shown in purple and
active cysteines in yellow. D) Same orientation that in C, Human TRX in a mixed disulfide intermediate complex with a peptide from the transcription
factor NF kappa B (PDB ID: 1MDI). E) Ribbon representation of human ubiquitin (PDB ID: 1UBQ). Aggregation-prone secondary structures near the
interface are shown in red. Basic residues in the vicinity of aggregation-prone regions are shown in purple. F) Same orientation than E). Complex of
human ubiquitin with a CUE ubiquitin binding domain (PDB ID: 1OTR).
doi:10.1371/journal.pcbi.1000476.g007
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is much greater than in homodimers [92], probably to prevent self-

association between identical monomers.

During the revision of the present work, Vendruscolo and co-

workers published a related study in which they used their

algorithm Zyggregator to perform an extensive analysis of

interfaces in protein-protein complexes [93]. Interestingly enough,

they independently concluded that interface regions are more

prone to aggregate than other surface regions. Also, in excellent

agreement with our analysis on monomeric soluble proteins, they

found that charged residues frequently disrupt hydrophobic

patterns at interfaces and that regions of negative aggregation

propensity tend to surround aggregation-prone regions, which

suggests that monomeric and native oligomeric proteins have

evolved similar strategies to prevent misassembly. In our study, the

analyzed eukaryotic proteins were randomly selected from a

dataset of non-redundant homodimers [92], without any previous

knowledge of their 3D-structures. Interestingly enough, the

aggregation-prone sequences near to the dimer interface are

located in a-helices in ,70% of the cases (Figure 8). This is in

clear contrast with their location in globular amyloidogenic

polypeptides, where they reside mainly in preformed ß-strands.

Although the sample is not statistically significant, this observation

might suggest that natural selection is acting against the presence

of amyloidogenic ß-strands at homodimers interfaces. It is

attractive to propose that, as shown here for amyloidogenic

proteins, mutations at these protein interfaces and specifically at

protective locations might lead to loss of function or toxic

phenotypes in a significant number of, yet undescribed, human

polypeptides.

Conclusions
In the present work, we have used computational tools to

predict aggregation-prone regions and interaction sites in globular

proteins related to depositional diseases and non-pathogenic

Table 2. Overlapping of aggregation-prone regions and interfaces in non-amyloidogenic eukaryotic homodimers.

PDB Protein Source Length
Aggregation
segments

Aggregation
segments close
to the interfase (.50%)1

Aggregation
segments close
to the interfase (.85%)2

1F17 Dehydrogenase Homo sapiens 293 9 2 2

1DQT Antigen Mus musculus 117 8 4 3

1LR5 Auxin binding protein Zea mays 160 7 4 1

1KSO Calcium-binding protein A3 Homo sapiens 93 3 2 2

1EAJ Coxsackie virus Homo sapiens 124 4 2 1

1PE0 DJ-1 Homo sapiens 187 7 1 1

1JR8 Erv2 protein mitochondrial Saccharomyces
cerevisiae

105 5 2 2

1F4Q Grancalcin Homo sapiens 161 6 3 1

1DQP Guanidine phosphoribosyltransferase Giardia lamblia 230 10 3 2

3SDH Hemoglobin Scapharca
inaequivalvis

145 5 2 2

2HHM Hydrolase Homo sapiens 272 11 4 3

8PRK Inorganic pyrophosphatase Saccharomyces
cerevisiae

282 8 3 2

1QMJ Lectin Gallus gallus 132 5 1 1

1M6P Phosphate receptor Bos taurus 146 5 2 1

1MNA Polyketide synthase Streptomyces
venezuelae

276 10 2 1

1F89 Protein YLC351C Saccharomy
cerevisiae

271 11 3 2

1LHP Pyridoxal kinase Ovis aries 306 10 3 1

1QR2 Quinone reductase type 2 Homo sapiens 230 9 5 1

3LYN Sperm lysine Haliotis fulgens 122 6 3 1

1SCF Stem cell factor Homo sapiens 116 4 1 0

1HQO URE2 protein Saccharomyces
cerevisiae

221 8 3 3

1HSS Alpha-amylase inhibitor Triticum aestivum 111 3 2 2

1KIY Trichodiene synthase Fusarium
sporotrichioides

354 12 4 4

1MI3 Xylose reductase Candida tenuis 319 6 1 1

1LBQ Ferrochelatase Saccharomyces
cerevisiae

356 12 3 2

1More than 50% of the residues in the aggregation-prone region are at less than 3 Å from a residue located at the interface of the complex.
2More than 85% of the residues in the aggregation-prone region are at less than 3 Å from a residue located at the interface of the complex.
doi:10.1371/journal.pcbi.1000476.t002
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polypeptides. From the comparison of the predictions with the

structural and experimental data, it appears that protein-protein

interaction surfaces and regions with high aggregation propensity

overlap significantly in the quaternary structure of proteins.

The proximity and coincidence of protein-protein interfaces

and aggregation-prone regions suggests that the formation of

native complexes and the aggregation of their monomeric subunits

probably compete in the cell. This implies that the molecular

machinery that performs the vast array of cellular functions and

the aggregates that might interfere with these functions promoting

cell stress or even cell death are sustained by similar molecular

contacts. It is likely that the specificity of native protein interfaces

in protein complexes has evolved to minimize anomalous

interactions and therefore detrimental protein aggregation reac-

tions. In this sense, Vendruscolo and co-workers have recently

identified disulfide bonds and salt bridges as specific interactions

that can stabilize aggregation-prone interfaces in their native

conformations in oligomeric proteins [93]. However, the balance

between functional and aberrant self-assembly appears to be so

delicate that point mutations that affect the interface or the

stability of the complex, promoting a higher dissociation rate,

usually lead to the formation of toxic aggregates, either through

direct assembly of newly exposed aggregation-prone regions or by

local unfolding of protein segments previously stabilized in the

native structure of the complex.

Overall, the present analysis provides a rational to understand how

globular proteins aggregate under physiological conditions, where

they posses an initially folded and cooperatively sustained conforma-

tion and extensive denaturation is not expected to occur. The data

strongly suggest that the stabilization of the interface in multimeric

proteins, as in the case of TTR, SOD1, or LC immunoglobulins,

and/or the blocking of conformational fluctuations and exposed

amyloidogenic regions through the formation of new interfaces with

other protein molecules, as in the case of lysozyme or Aß peptide,

might be important strategies to delay the onset or slow the progress

of conformational diseases caused by globular proteins.

The observed association between the failure to attain a native

interface and the build up of harmful aggregates suggests that the

range of genetic human diseases which ultimately might originate

from the conversion of a soluble globular protein into toxic

assemblies could be much larger than previously thought.

Approaches combining the prediction of aggregation-prone

regions from the linear protein sequence with the analysis of real

or predicted protein interfaces in the 3D-structure might provide a

means to identify physiologically and therapeutically relevant

amyloidogenic sequences in the proteins linked to such disorders.

Methods

Prediction of Aggregation-Prone Regions
Aggregation-prone regions in the studied proteins were

predicted using the primary sequence as input and a consensus

of the output of four different available methods. The first

algorithm we used is TANGO (http://tango.crg.es/). TANGO is

based on the physico-chemical principles underlying ß-sheet

formation, extended by the assumption that the core regions of

an aggregate are fully buried [38]. The second algorithm

employed was AGGRESCAN (http://bioinf.uab.es/aggrescan/).

AGGRESCAN is based on the use of an aggregation-propensity

scale for natural amino acids derived from in vivo experiments [40].

The third method, developed by Galzitskaya and co-workers, is

based on the use of a packing density scale for natural amino acids

and on the assumption that amyloidogenic regions are highly

packed in the fibrillar structure [41]. The last approach was

developed by Zhang and co-workers (ftp://mdl.ipc.pku.edu.cn/

pub/software/pre-amyl/). It uses the microcrystal fibrillar struc-

ture of the prion hexapeptide NNQQNY [94] as a template and a

residue-based statistical potential to identify amyloidogenic

fragments of proteins [43]. All analysis was performed using the

default parameters for each employed algorithm. In the present

work, a sequence stretch in the analyzed proteins should comprise

a minimum of five consecutive residues and be positively predicted

Figure 8. Aggregation-prone regions at the interface of selected homodimeric eukaryotic proteins. Aggregation-prone regions in which
more than 85% of the residues are at less than 3 Å from the interface are highlighted in green. The PDB ID is indicated for each dimer (see also
Table 2).
doi:10.1371/journal.pcbi.1000476.g008
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by at least two of the above-mentioned methods to be considered

an aggregation-prone region.

Prediction of Protein-Protein Interaction Sites
Interaction residues were predicted using the monomeric three-

dimensional crystal structure of each of the studied proteins as input

and a consensus of the output of three different algorithms. The first

approach used to predict interaction surfaces was the Optimal

Docking Area (ODA) method (http://www.molsoft.com/oda),

which identifies continuous surface patches with optimal docking

desolvation energy based on atomic solvation parameters adjusted

for protein-protein docking [32]. Only the top ten ODA hot spots

were considered. The second method we used was SHARP2

(http://www.bioinformatics.sussex.ac.uk/SHARP2). SHARP2 cal-

culates multiple parameters for overlapping patches of residues on

the surface of a protein. It considers the solvation potential,

hydrophobicity, accessible surface area, residue interface propen-

sity, planarity, and protrusion. Parameter scores for each patch are

combined, and the patch with the highest combined score is

predicted as a potential interaction site [31]. The patch size was

selected by considering the interacting partner to be an identical

protein, and only residues in the best-scoring patch were considered.

The last algorithm used was InterProSurf (http://curie.utmb.edu/).

This method is based on solvent-accessible surface area of residues

in isolated proteins, a propensity scale for interface residues, and a

clustering algorithm to identify surface regions with residues of high

interface propensities [33]. Only the first five clusters were

considered. All analysis was done using the default parameters for

each algorithm. In the present work, a residue in the surface should

be identified as at least by two of the above mentioned approaches

to be considered an interaction site.

Evaluation of Interface Proximity
To evaluate whether the proximity of an aggregation-prone

region to a given real interface is specific or the sequence stretch is

as close to any other patch of the same size in the protein surface,

we have defined the Interface Proximity Index: IPI

IPI = 1-(SP/IP)

IP = Interface Proximity = nR/nHS

SP~Surface Proximity~
X100

nS~1

nS=nHS

,
100

nR = number of residues in the aggregation-prone region at less

than 3 Å from the interface.

nHS = number of residues in the aggregation-prone region.

nS = number of residues in the aggregation-prone region at less

than 3 Å from a randomly chosen protein surface that does not

include the interface.

Each random surface was generated by an aleatory selection of a

number of solvent exposed residues equal to the number of residues

constituting the real interface. One hundred random surfaces were

generated for each aggregation-prone region analyzed.

Solvent-accessible and buried residues in the monomeric

complex subunits where identified using the PISA server at the

European Bioinformatics Institute (http://www.ebi.ac.uk/msd-srv/

prot_int/pistart.html).

An IPI#0 indicates that the aggregation-prone region is equally

or less close to the interface than to the rest of the surface. An

IPI.0 indicates that the aggregation-prone region is closer to the

interface than to the rest of the surface, e. g., an IPI = 0.5 indicates

that the aggregation-prone region is half as far from the interface

than from the rest of the surface. The maximum value for IPI is 1.

Figures were were generated with the Swiss-PDB viewer

program (http://spdbv.vital-it.ch) and rendered with POV

(Persistance of Vision).
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Protein misfolding and deposition underlie an increasing number of
debilitating human disorders and constitute a problem of major concern in
biotechnology. In the last years, in vitro studies have provided valuable
insights into the physicochemical principles underlying protein aggregation.
Nevertheless, information about the determinants of protein deposition
within the cell is scarce and only a few systematic studies comparing in vitro
and in vivo data have been reported. Here, we have used the SH3 domain of
α-spectrin as a model globular protein in an attempt to understand the
relationship between protein aggregation in the test-tube and in the more
complex cellular environment. The investigation of the aggregation in
Escherichia coli of this domain and a large set of mutants, together with the
analysis of their sequential and conformational properties allowed us to
evaluate the contribution of different polypeptidic factors to the cellular
deposition of globular proteins. The data presented here suggest that the
rules that govern in vitro protein aggregation are also valid in in vivo contexts.
They also provide relevant insights into intracellular protein deposition in
both conformational diseases and recombinant protein production.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

The presence of insoluble protein deposits in
human tissues correlates with the development of
conformational disorders such as Alzheimer’s dis-
ease and Parkinson’s disease.1–3 Also, the aggrega-
tion of globular proteins into insoluble polypeptide
chains during protein production in bacteria is of
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major concern in biotechnology, since it reduces
significantly the spectrum of relevant recombinant
proteins available for structural genomics or com-
mercial use.4–6 For globular proteins, the formation
of aggregates is in most cases an outcome of im-
proper folding, resulting in the accumulation of
unfolded or partially folded intermediates that are
thought to be critical soluble precursors of fibrillar
aggregates in amyloid diseases or inclusion bodies
in protein production.7,8 This effect has been
characterized extensively in vitro by protein engi-
neering using both disease-related and non-related
polypeptide models.9–14 Fewer studies have ad-
dressed the influence of polypeptide properties on
their aggregation within the cell,15–19 and only a few
have compared systematically the in vitro and in vivo
aggregation behaviour of proteins.17,20–22 The in vivo
aggregation of polypeptides does not necessarily
have to correlate with their in vitro properties,
because the protein quality machinery modulates
the accumulation of aggregation-prone polypeptidic
chains by facilitating their folding, masking hydro-
d.

mailto:salvador.ventura@uab.es
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phobic regions and targeting improperly folded
proteins towards degradation pathways.23 Our
understanding of how protein aggregation proceeds
within the cell will benefit from an integration of the
well-established physicochemical principles under-
lying protein self-assembly in vitro with data from
studies addressing protein deposition in living
organisms, using consistent protein models.
Here, we use the SH3 domain of α-spectrin (SPC-

SH3) as amodel of a globular protein in an attempt to
understand the determinants of protein aggregation
in the cellular environment. SPC-SH3 is a 62 residue
polypeptide that folds into an orthogonal β-sand-
wich.24 The folding determinants of this protein have
been characterized extensively.25,26 In particular, the
role of the hydrophobic core and the distal β-hairpin
in the conformational stability of this domain has
been studied. Both regions have been shown to be
part of the folding nucleus of SH3 domains.26,27 The
hydrophobic core of SPC-SH3 comprises nine resi-
dues: Val9, Ala11, Val23,Met25, Leu31, Leu33, Val44,
Val53 and Val58. The thermodynamic stability of 20
different de novo designed divergent variants at the
core, containing from a single mutation up to the
complete core substituted (Table 1), have been de-
duced from their equilibrium denaturation curves in
the presence of urea at physiological pH.28 The mu-
tants span a range of stability of 6 kcal/mol (Table 2).
Kinetic analysis of core variants with stability similar
to that of the wild-type form demonstrated that, in
general, they exhibit accelerated unfolding and
refolding rates. This is compatible with the presence
of conformational strain in the mutant native states,
Table 1. Comparison of the sequence of the 23 mutants in th

Protein

S

9 11 23 25 31

SPC-SH3 WT Val Ala Val Met Leu
B4 I25V Val Val Val Val Leu
B4 I44V Val Val Val Ile Leu
B5 I25V Val Val Leu Val Leu
B5 I44V Val Val Leu Ile Leu
Best Ile Val Leu Ile Leu
Best2 Leu Val Leu Ile Leu
Best4 Val Val Val Ile Leu
Best5 Val Val Leu Ile Leu
Best7 Leu Val Leu Ile Leu
Best9 Ala Val Leu Ile Ile
C8A Val Val Leu Ile Leu
C8A I25V Val Val Leu Val Leu
C8A I53V Val Val Leu Ile Leu
C8B Val Val Leu Leu Leu
D48G Val Ala Val Met Leu
D48G(2Y) Val Ala Val Met Leu
M25A Val Ala Val Ala Leu
Max-A Ala Val Leu Val Ile
Max-F Ile Val Leu Ile Leu
Max-I Ile Ile Ile Ile Leu
Max-L Leu Val Leu Leu Leu
Max-W Ile Ala Leu Val Leu
N47G Val Ala Val Met Leu

Natural residues are shown in bold. Residues 9, 11, 23, 25, 31, 33, 44,
Positions 47 and 48 are located at the distal β-hairpin. The D48G (2Y)
as deletion of a methyl group at the core leads to
deceleration of the unfolding reaction and results in
increased stability.28 Wild-type SPC-SH3 displays
conformational strain at the distal loop, caused by
having the solvent-exposed Asn47 at position I of a
type II β-turn in a high-energy region of the Rama-
chandran plot.24 Mutation of the neighbouring,
solvent-exposed, Asp48 to Gly (D48G) changes the
type II β-turn to a type I β-turn, relaxing the strain,
and stabilizes the protein by around 1.7 kcal/mol.29

Accordingly, the Asn47 to Gly substitution (N47G)
was also expected to stabilize the protein. Unexpect-
edly, the change in free energy was small (0.4 kcal/
mol). X-ray analysis showed that in this case the
conformation of the β-turn did not change and there
was no relaxation of the structure.30 Mutation of the
solvent-exposed residuesGlu7 (β1) and Lys60 (β5) to
Tyr on the D48G background (D48G(2Y)) destabi-
lizes the protein by ∼0.7 kcal/mol relative to the
wild type form (this work). Overall, the present col-
lection of SPC-SH3mutants constitutes a remarkable
set of related polypeptides displaying differential
thermodynamic and conformational properties.
Escherichia coli has emerged as a fast, simple, bio-

logically and biotechnologically relevant experimen-
tal model to study the structural/sequential con-
straints underlying protein deposition in vivo.31 We
describe the cytosolic expression in E. coli of the SPC-
SH3 variants described above and correlate the in
vivo and in vitro aggregation behaviour of these glo-
bular species with their conformational stability, pre-
dicted aggregation propensities, and several other
properties to provide a rational dissection of the con-
e present study with the wild type SPC-SH3 domain

equence position

33 44 47 48 53 58

Leu Val Asn Asp Val Val
Leu Ile Asn Asp Val Leu
Leu Val Asn Asp Val Leu
Leu Ile Asn Asp Val Leu
Leu Val Asn Asp Val Leu
Leu Ile Asn Asp Ile Ile
Ile Ile Asn Asp Ile Ile
Leu Ile Asn Asp Val Leu
Leu Ile Asn Asp Val Leu
Ile Val Asn Asp Ile Ile
Ile Leu Asn Asp Phe Leu
Leu Val Asn Asp Ile Leu
Leu Val Asn Asp Ile Leu
Leu Val Asn Asp Val Leu
Leu Ala Asn Asp Phe Leu
Leu Val Asn Gly Val Val
Leu Val Asn Gly Val Val
Leu Val Asn Asp Val Val
Ile Ala Asn Asp Phe Trp
Leu Val Asn Asp Phe Leu
Leu Ile Asn Asp Ile Ile
Leu Val Asn Asp Leu Leu
Leu Ile Asn Asp Val Trp
Leu Val Gly Asp Val Val

53 and 58 form the hydrophobic core of the spectrin SH3 domain.
mutant has additional Tyr mutations at positions 7 and 60.



Table 2. Comparison of in vivo aggregation, intrinsic properties and conformational stabilities of SH3 domains in the
present study

Solubilitya
ΔGb

(kcal/mol)
ΔΔGmut-wt

b

(kcal/mol) AGGRESCANc TANGOd AIe Instabilityf
Half-lifeg

(h) GRAVYh

MAXA – b0.0 b−3.5 −15 581.6 77.1 27.63 N10 −0.741
MAXW – −0.5±0.30 −4.1 −13.4 577.1 88.06 36.45 N10 −0.726
C8B – 0.3±0.05 −3.3 −13.6 573.4 88.06 27.02 N10 −0.689
Best9 – 0.5±0.03 −3.1 −11.8 728.6 89.68 25.65 N10 −0.661
MAXL – 0.8±0.05 −2.8 −11.9 657.9 99.03 25.65 N10 −0.64
MAXF – 1.0±0.03 −2.6 −9.9 669.1 92.74 28.76 N10 −0.634
M25A – 1.0±0.03 −2.6 −15.5 580.9 84.84 26.56 N10 −0.685
Best7 – 1.1±0.09 −2.5 −9.1 726.8 99.03 25.19 N10 −0.595
Best2 – 1.2±0.02 −2.4 −8.7 726.5 100.65 32.28 N10 −0.59
Best – 1.6±0.04 −2 −8.7 669 100.65 32.28 N10 −0.59
MAXI – 2.1±0.02 −1.5 −7.6 668.8 102.26 38.49 N10 −0.574
D48G2Y – 2.9±0.03 −0.7 −4.3 744 83.23 26.72 N10 −0.556
C8A + 3.5±0.10 −0.1 −10.2 669.5 97.42 22.08 N10 −0.611
SH3 WT + 3.6±0.10 0 −13.9 582.7 83.23 26.56 N10 −0.684
Best5 + 3.8±0.10 0.2 −10.2 669.3 97.42 32.74 N10 −0.611
N47G + 4.0±0.02 0.4 −12.7 582.7 83.23 25.19 N10 −0.634
Best4 + 4.1±0.08 0.5 −9.8 670.5 95.81 31.37 N10 −0.605
B5–I25V1 ++ 4.6±0.04 1 −10.5 669.7 95.81 33.65 N10 −0.616
B4–I25V1 ++ 5.1±0.03 1.5 −10.2 670.53 94.19 32.28 N10 −0.61
D48G ++ 5.3±0.07 1.7 −11.8 577.6 83.23 25.35 N10 −0.634
C8A –I25V ++ 5.3±0.10 1.7 −10.5 669.9 95.81 22.99 N10 −0.616
B5–I44V1 ++ 5.6±0.10 2 −10.5 669.6 95.81 25.65 N10 −0.616
C8A–I53V ++ 5.6±0.10 2 −10.5 669.6 95.81 25.65 N10 −0.616
B4–I44V1 ++ 5.8±0.10 2.2 −10.2 670.7 94.19 24.29 N10 −0.61

B5 and B4 account for Best5 and Best4, respectively.
a −, +,and ++, indicate that for a given variant, b30%, 30–70% and N70% of the SH3 domain is present in the soluble fraction,

respectively.
b From references 26, 28, 29 and 30.
c Normalized aggregation propensity. Higher values indicate higher aggregation propensities. Calculated using http://bioinf.uab.es/

aggrescan/.
d β-Aggregation. Higher values indicate higher aggregation propensities. Calculated using http://tango.crg.es/.
e Aliphatic index. Calculated using ProtParam at http://www.expasy.ch/cgi-bin/protparam.
f Instability index. All proteins are classified as stable. Calculated using ProtParam.
g Estimated half-life in E. coli, in vivo. Calculated using ProtParam.
h Grand average of hydropathicity. Calculated using ProtParam.
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tribution of polypeptidic intrinsic factors to the cell-
ular deposition of globular proteins.
Results and Discussion

SPC-SH3 and its mutants exhibit different in vivo
aggregation propensity

We expressed wild-type SPC-SH3 and 23 different
mutants in the cytoplasm of E. coli cells. The muta-
tions map two critical regions for SH3 conformation,
folding and stability: the hydrophobic core (20 mu-
tants) and the distal β-hairpin (three mutants) (Table
1 and Fig. 1). All clones expressed SH3 domains at
comparable levels, seen as a large ≈6.5 kDa band
stained with Coomassie brilliant blue in the whole
cell extract as monitored by SDS-PAGE (Supplemen-
tary Data Fig. S1). Cells were lysed, the proteins in
the soluble and insoluble fractionswere separated by
centrifugation and the percentage of SH3 domain in
the pellet and in the supernatant quantified by
scanning SDS-PAGE gels of the respective cell
fractions (Fig. 2).
The proteins could be classified into three sets ac-

cording to the distribution of the recombinant poly-
peptide between the soluble and insoluble fractions.
(i) Five variants, including the wild-type SPC-SH3,
were present in similar amounts in both fractions, in-
dicating that a portion of the SH3 domain was soluble
within the cell while an equivalent quantity aggre-
gated. (ii) Twelve mutants aggregate readily in vivo
and were found exclusively or predominantly in the
insoluble fraction. iii) Seven mutants were represen-
ted only ormainly in the fraction corresponding to the
soluble cytosolic protein, showing that they remained
mostly soluble even when over-expressed. Overall,
the mutants displayed differential in vivo aggregation
propensities, some of them aggregatingmore than the
natural domain and some displaying similar or even
increased solubility (Table 2 and Fig. 3).
Chiti and co-workers performed a related study

using HypF-N as a protein model.20 In that case,
however, all variants were initially expressed as fu-
sions at the C terminus of glutathione-S-transferase. It
is well documented that the presence of a tag in the N-
terminal position can significantly modify the co-
translational folding and in vivo solubility of poly-
peptides.32 Besides, despite the fact that the study
provided highly relevant insights on the relationship
between in vitro and in vivo aggregation, only six out
of 18 mutants could be purified, due to their intrinsic
in vitro insolubility. Thus, the conformation, stability,

http://bioinf.uab.es/aggrescan/
http://bioinf.uab.es/aggrescan/
http://bioinf.uab.es/aggrescan/
http://tango.crg.es/
http://tango.crg.es/
http://www.expasy.ch/cgi-bin/protparam
http://www.expasy.ch/cgi-bin/protparam


Fig. 1. A ribbon diagram of the
α-spectrin SH3 domain. The side
chains of residues mutated in the
present study are represented. Resi-
dues at the hydrophobic core are
shown in red, those in the distal β-
hairpin are shown in blue and the
rest are shown in magenta.
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and in vitro characterization of aggregated states of
most mutants could not be explored experimentally.
Yet another differencewith the presentwork is that no
variant with significantly increased solubility relative
to the wild-type form could be studied. Very recently,
Fersht and co-workers reported an elegant study in
which they could correlate the levels of folded recom-
binant p53 protein in E. coli with the in vitro thermo-
dynamic stability of seven variants displaying both
decreased and increased stability relative to the wild-
Fig. 2. SDS-PAGE analysis of cell fractions from representa
selected hydrophobic core (left) and distal β-hairpin (right) m
with Coomassie brilliant blue that correspond to the SH3 dom
type form. Again, the protein was expressed as a
fusion, this time with enhanced green fluorescence
protein. The foldability of p53 variants was evaluated
by measuring the intracellular fluorescence of the
fused reporter.22 Nevertheless, one should be cautious
when assigning intracellular fluorescence to properly
folded and soluble proteins because, as we have
shown using enhanced green fluorescence protein as
a reporter, aggregated protein in bacterial inclusion
bodies can be fluorescent,33 and the levels of fluo-
tive SH3 mutants. Soluble (s) and insoluble (i) fractions of
utants are shown. The arrow indicates the bands stained
ain molecular mass.



Fig. 3. Correlation between protein conformational stability and solubility. The bars indicate protein stability.
Insoluble domains are shown in red and soluble domains are shown in green. Mutants present in similar amounts in the
soluble and insoluble fractions are shown in blue. The line indicates wild-type stability (see the legend in Table 2).
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rescence of the aggregated protein depend both on
intrinsic factors, such as the sequence,34 and extrinsic
factors, such as the temperature.35 In the present
study, SH3 domains were expressed without any
fusion, the quantity of soluble and aggregated protein
was quantified directly and proteins with both in-
creased and decreased stability were considered. As
shown earlier, all the proteins could be purified either
directly from the soluble fraction or upon denatu-
ration of the insoluble fraction and in vitro refol-
ding,28–30 allowing the in vitro characterization of se-
lected variants.

In vivo aggregation propensities of SPC-SH3
domains do not correlate with intrinsic
sequential properties

The composition and arrangement of amino acids
in the proteins has been suggested to be a major
factor influencing their aggregation propensity.
There have been many attempts to determine the
relationship between the primary structure and the
solubility status of a protein within the cell in order
to enable rational identification of both natural and
mutant protein candidates with a high level of so-
lubility on over-expression and substitute common
trial- and -error approaches.36,37 Nevertheless, the
expression conditions and the nature of proteins
analysed in those studies were different, which is
probably the reason for the dissimilarity between the
results.38 Thus, we reasoned that the present study,
in which a large set of variants of a single domain
were analysed in defined expression conditions,
might help to decipher the intrinsic features influen-
cing in vivo protein aggregation.
Among the physicochemical properties that can be

read directly from the primary sequence, the alipha-
tic index has been described as a crucial determinant
of solubility.39 The aliphatic index corresponds to the
relative volume occupied by aliphatic residues and
has usually been associated with thermostability.
Nevertheless, there is no correlation between this
feature and the solubility of the proteins in our data
set (Table 2). A higher level of predicted instability
has been suggested to increase the propensity of
proteins to be over-expressed in the soluble form, on
the basis that a polypeptide with a shorter in vivo
half-life has fewer long-lived intermediates.39 How-
ever, all the SH3 domains were estimated to have
similar half-lives in E. coli (N10 h) and no relationship
between the instability index and the distribution of
the different variants between the soluble and inso-
luble fractions was found (Table 2). Also, the enrich-
ment in global hydrophobicity of the primary se-
quence has been suggested to be associated with an
increased propensity to form aggregates inside E.
coli;36 yet such correlation does not apply for the
present set of proteins, at least when hydrophobicity
is measured as the grand average of hydropathicity
of their sequences (Table 2). In addition, no relation-
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ship between the volume of the hydrophobic core
and SH3 solubility seems to exist.28

In vivo aggregation of globular SPC-SH3
domains does not correlate with predicted
aggregation propensities of the unfolded state

Several studies indicate that there exist specific
continuous protein segments that can nucleate the
aggregation process when exposed to solvent in fully
or partially unfolded contexts, suggesting a sequence-
dependence of aggregation propensities.40,41 Accor-
dingly, in the last few years several computational
approaches for detecting aggregation-prone regions
and predicting relative polypeptide propensities to
aggregate have been developed.42,43

We have shown that for the Alzheimer-related
peptide Aβ-42, and a set of single-point mutants, in
vivo aggregation rates upon expression inside bac-
terial cells correlated highly significantly with the
aggregation propensities predicted theoretically from
the sequence.34 Thus, we tested whether computer-
based approaches were also able to predict the differ-
ential in vivo aggregation of the SH3 domains in the
present study. The sequences of the 24 proteins were
analysed using AGGRESCAN44 and TANGO45 algo-
rithms. No obvious correlation between the predicted
global aggregations or the relative relevance of the
different regions with predicted high aggregation
propensity and the distribution of the protein forms
between the cytosolic and insoluble fractions of the
cell could be observed (Table 2).
The discrepancy between the accurate description

of the in-the-cell aggregation propensities of Aβ-42
and the failure to predict the behaviour of SH3 do-
mains by the above-mentioned, and related, algo-
rithms can be rationalized according to the different
conformational properties of both polypeptides. Aβ-
42 is a mostly unstructured peptide in which aggre-
gation-prone regions are already exposed to solvent
and available for the establishment of inter-molecu-
lar contacts that may finally lead to the formation of
aggregates. Thus, the effect of mutations that faci-
litate or hinder the conversion of the soluble un-
structured state into oligomeric species have a direct
impact on the average aggregation propensity of the
peptide and can be explained in most cases by in-
trinsic factors. Because the same physicochemical
principles appears to underlie the aggregation pro-
pensities of different polypeptides from unfolded
states,46 the effect of such mutations on aggregation
propensity can be foreseen by most predictive algo-
rithms.42,43 These algorithms all assume that the
aggregation-prone regions they detect are exposed
to solvent at the time the aggregation begins and are
thus in an at least partially unfolded context. In con-
trast to Aβ-42, SPC-SH3 is a small and compact glo-
bular protein in which aggregation-prone regions, if
present, are likely to be blocked in the native state of
the protein because their side chains are either hid-
den in the inner hydrophobic core or already in-
volved in the network of contacts that stabilizes the
protein. This explains why, once purified, SPC-SH3
is soluble in vitro in its native form at high concen-
trations (N10 mg/ml) for weeks in physiological
conditions. Interestingly, the acid-unfolded state of
the protein neither assembles into observable aggre-
gates on the same time-scale and concentrations.47

This suggests that, within the cell, SPC-SH3 domains
do not aggregate by coalescence of fully folded or
unfolded states and point to the formation and off-
pathway association of partially folded intermedi-
ates during in vivo protein folding as the responsible
for the differential intracellular aggregation proper-
ties of the SPC-SH3 domain and its mutants. This
will explain why the in vivo aggregation propensities
of SPC-SH3 variants cannot be anticipated directly
from the linear information contained in the primary
sequence either using simple approaches or employ-
ing sophisticated algorithms.

In vivo aggregation levels correlate with the
conformational stability of globular SPC-SH3
domains

The conformational stability of polypeptides is ex-
pected to modulate the ensemble of partially folded
conformations within the cell. Indeed, one should
expect that destabilization of the, usually soluble,
native state would likely increase the population of
partially folded species, whereas over-stabilization
of the native conformation would prevent the form-
ation of significant levels of partially folded polypep-
tides in the cytosol. This implies that, if partially fol-
ded intermediates are the aggregation-prone species,
protein stability will control the in vivo aggregation
fate of globular proteins. To test if this applies to the
SPC-SH3 domain, the distribution of the wild type
andmutant proteinswithin the soluble and insoluble
fractions was compared with their stability mea-
sured by urea denaturation at equilibrium in close to
physiological conditions.28 A striking correlation
between solubility and conformational stability was
found, independent of the place of mutation (Table 2
and Fig. 3). Interestingly, aggregation within the cell
was not necessarily correlated to a large destabiliza-
tion of the polypeptides resulting in only a minor
population of the native state present at equilibrium.
In this way, with the exception of MaxWand MaxA,
all the mutants for which the majority of the protein
was accumulated in the aggregated fraction display
free energy changes of the unfolding transition in the
absence of denaturant that are significantly different
from zero. At the same time, wild-type protein sta-
bility, which in its natural context or in vitro under
physiological conditions ensures solubility and
functionality, rescues only about half of the protein
from aggregationwithin the cell. This is in contrast to
re-designed SH3 domains in which thermodynamic
stability has been improved, since they remain al-
most completely in the soluble cytoplasmic fraction.
According to our data, stabilization of the SH3 native
state by more than 1 kcal/mol relative to the wild
type (27%) ensures solubility whereas, in general,
destabilization of more than 1 kcal/mol results in
most of the protein being in the aggregated fraction
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(Fig. 3). Lower levels of stabilization or destabiliza-
tion result in a similar distribution of the protein
between both fractions. Our data are in excellent
agreement with that obtained by using the glu-
tathione-S-transferase-HypF-N or enhanced green
fluorescence protein-p53 models.20,22 This confirms
that in addition to the primary sequence, conforma-
tional stability is a major determinant for in vivo
protein aggregation bymodulating the population of
partially folded intermediates with increased aggre-
gation propensities.

SH3 in vivo deposition correlates with in vitro
aggregation

SPC-SH3 and its mutants display a two-state tran-
sition unfolding curvewhen chemically denatured at
low ionic strength.28 Also, and in contrast to the ho-
mologous SH3 domain of PI3-kinase, SPC-SH3 does
not aggregate into amyloid structures in vitro at
highly acidic pH (2.0).47 Nevertheless, it has been
shown recently that destabilization of the SPC-SH3
folding nucleus by a point mutation (N47A) results
in the population of partially folded conformers lea-
ding to the formation of amyloid aggregates at mild
acidic pH (3.2).48 Most of the residues mutated in the
present study belong to the SH3 folding nucleus.
Hence, we sought to explore whether there is any
relationship between in vitro aggregation under mild
denaturing conditions and the observed in vivo ag-
gregation properties of SH3 domains.
We selected three representative mutants at the

hydrophobic core corresponding to: (i) proteins ac-
cumulated mostly in the insoluble cell fraction and
destabilized by more than 1 kcal/mol relative to the
wild type (Best2); (ii) proteins distributed equally
between the soluble and insoluble fractions with
stability close to that of the wild-type protein (Best5);
and (iii) proteins mostly soluble in E. coli and stabi-
lized by more that 1 kcal/mol relative to the natural
domain (Best5–I25V). The proteins were prepared at
1.7 mM (12 mg/ml) in buffer A (100 mM glycine
buffer, pH 3.2, 100 mM NaCl)48 and incubated at
25 °C. Under these conditions, the protein solution
becomes slightly cloudy after dissolving Best2,
whereas the solutions of Best5 and Best5–I25V re-
mained clear. After incubation for one week, Best2
and Best5 solutions became gels. No macroscopic
change was observed for Best5–I25V. Further quanti-
fication of the amount of aggregated protein by
sample fractionation using sedimentation at 100,000g
showed that most of the Best2 protein was aggre-
gated (83%), about half of the Best5 protein remained
soluble (53%) and a small amount of protein could be
detected in the pelletable fraction of Best5–I25V
sample (6%).
We studied the conformation of the incubated

samples using far-UV CD (Fig. 4). Best2 and Best5
displayed CD spectra typical of β-sheet structure as
revealed by the single negative band at 215–220 nm.
These specieswere unable to revert to the native state
on a reasonable time-scale after dilution of the sam-
ple, implying that a high-energy barrier separates
these species under the conditions of the experi-
ments. In contrast, the spectrum of the over-
stabilized Best5–I25V variant corresponds to a native
SPC-SH3 conformation, with the characteristic max-
imum at 220 nm and minimum at 230 nm.
Addition of thioflavin-T (Th-T) to SH3 domains

and incubation for one week in the conditions des-
cribed above resulted in the following: Best2 and
Best5 exhibited eightfold and fourfold increases in
the emission at 482 nm, respectively. Only minor
changes in the emission spectrum were detected
when Th-Twas added to the Best5-I25V domain (Fig.
4). We further investigated the properties of incu-
bated SH3 domains by measuring their binding to
Congo red, which has an absorbance maximum at
490 nm that shifts to red upon binding to amyloid-
like material. In this case, only Best2 promoted the
expected change in the absorbance spectra, suggest-
ing an amyloid-like morphology of the aggregates
(Supplementary Data Fig. S2). The same protein so-
lutions were analysed by transmission electron mi-
croscopy (TEM) and the results are shown in Fig. 5.
In agreement with the CD spectra and dye-binding
properties, large amounts of fibrillar material were
detected in solutions of Best2. Tight networks and
isolated short, thin protofibrils of about 100 nm
length and 5–10 nmwidths were observed. This type
of assembly remained without apparent change for
weeks and no higher-order association into fibrils
was observed in these conditions. The same kind of
structures, although less abundant, could be
observed for Best5. Most fields of Best5–I25V were
devoid of particles, and the presence of aggregated
fibrillar material was detected only occasionally.
To confirm that the observed correlation between

in vivo and in vitro aggregation behaviour is not res-
tricted to changes located at the hydrophobic core,
we analysed the in vitro aggregation of N47G, D48G
and D48G(2Y) variants, containing mutations at the
distal β-hairpin, and the β1 and β5 strands. When
incubated in buffer A, the formation of macroscopic
aggregates was observed immediately for the desta-
bilized D48G(2Y) variant. In contrast, the solutions
of N47G, D48Gmutants remained clear and without
apparent precipitation during incubation for one
week. Further quantification of the amount of aggre-
gated protein showed that most of D48G(2Y) protein
was aggregated (91%), and most of N47G (81%) and
D48G (87%) SH3 domains remained soluble. Ac-
cordingly, the far-UV CD spectra of incubated N47G
and D48G mutants correspond to native-like confor-
mations (Fig. 4). The far-UV spectrum of D48G(2Y)
corresponds to a mostly unfolded conformation but
the CD signalwas low, probably becausemuch of the
protein was precipitated from the solution. This
effect could not be reversed by sonication for 10 min,
indicating that the aggregates were highly stable.
Fourier-transform infrared (FTIR) spectroscopy has
proved to be a powerful tool for investigation of the
structural characteristics of aggregated proteins. We
used this technique to further analyse the structure of
D48G(2Y) in vitro aggregates. SPC-SH3 is composed
mainly of five β-sheets. According to this, the FTIR



Fig. 4. Conformational properties of 1.7 mM (12 mg/ml) SH3 domains incubated at 25 °C for one week in 100 mM
NaCl, 100 mM glycine (pH 3.2). (a and b) CD spectra in the far-UV region. (c) FTIR spectra in the amide I region. The
positions of the spectral componentswere estimated from the second derivate analysis. (d and e) The fluorescence emission
spectra of 40 μMthioflavin-T in the absence (no symbol) or in the presence of SH3 domains. The excitationwavelengthwas
440 nm. (a and d) Hydrophobic core SH3 mutants: Best2 (circles), Best5 (squares) and Best5–I25V (triangles). (b and e)
Distal β-hairpin SH3 mutants: D48G(2Y) (circles), N47G (squares) and D48G (triangles). (c) Incubated D48G(2Y)
(continuous lines) and native SPC-SH3 (broken line).
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spectrum of native SPC-SH3 in the amide region I
was dominated by a peak at 1636 cm−1 that arises
from CO vibrations in intramolecular β-sheets (Fig.
4). The FTIR spectrum of D48G(2Y) aggregates exhi-
bited a main peak at 1623 cm−1 (Fig. 4). This band is
indicative of a predominance of extended intermo-



Fig. 5. Representative TEM images of hydrophobic
core SH3 protein mutants incubated at 25 °C for one week.
The samples were produced by tenfold dilutions of the
original samples used for the incubation. (a) Best2; (b)
Best5; and (c) Best5–I25V. The scale bar represents 500 nm.
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lecular β-sheet structures in the aggregates. We
further explored the structure of the incubated solu-
tions by assaying their binding to Th-T and Congo
red. No significant binding to such dyes was detec-
ted for N47G and D48G variants. In contrast, D48G
(2Y) bind both Th-T and Congo red (Fig. 4 and
Supplementary Data Fig. 2S). The affinity of D48G
(2Y) for Th-Twas surprisingly high, promoting a 20-
fold increase of the fluorescence signal, suggesting
an amyloid-like morphology of the aggregates. The
same protein solutions were analysed by TEM, and
the Results are shown in Fig. 6. Two different kinds
of aggregates were detected in D48G(2Y) prepara-
tions: large amorphous aggregates that, in many
cases, appear associated to protofibrillar material
(Fig. 6a) andwell-structured fibrils displaying a heli-
cal twisted morphology with ∼60 nm width (Fig.
6b). This highly ordered fibrils have not been ob-
served for any spectrin-SH3 domain and are likely
responsible for the high Th-T affinity of this mutant.
In agreement with the CD spectra and dye-binding
properties, only very small aggregates were detected
for the D48G mutant, whereas a reduced number of
small fibrillar-like aggregates were observed in
N47G samples (Fig. 6).
We also analysed in vitro aggregation of different

SH3 domains at pH 5.0 and pH 7.0 (100 mM sodium
phosphate buffer). Best5–I25V and D48G as well as
Best2 and D48G(2Y) were selected as representative
of stable and unstable mutants at the core and distal
β-hairpin. They were incubated at a concentration of
1.7 mM (12 mg/ml) for one week at 25 °C. Macro-
scopic aggregates were observed immediately in
Best2 and D48G(2Y) solutions at both pH values,
whereas the over-stabilized Best5–I25V and D48G
solutions remained clear. Upon incubation at pH 5.0
for one week, most of the Best2 (85%) and D48G(2Y)
(81%) protein was aggregated. At pH 7.0, 67% of
Best2 and 59% of D48G(2Y) proteins became in-
soluble, indicating that aggregation of unstable
mutants occurs at close to physiological conditions.
Best2 and D48G(2Y) pH 5.0 aggregates exhibited
significant binding to Th-T (Supplementary Data
Fig. S3), whereas the binding of pH 7.0 aggregates
was much lower than that expected according to the
amount of aggregated protein, suggesting that pH
affects the amount of deposited protein and the con-
formational properties of the aggregates. No sig-
nificant Th-T binding was observed for the over-
stabilized Best5–I25V and D48G variants at any pH.
Overall, the in vitro properties of the analysed do-

mains are in excellent agreement with their fractio-
nation between soluble and insoluble compartments
observed in vivo, indicating that, at least in certain
cases, the data obtainedusing simplified non-cellular
contexts can be relevant in in vivo environments.

In vivo formed SH3 aggregates display some
amyloid-like properties

In order to test if in vitro and in vivo formed aggre-
gates share morphological and/or conformational
features, we purified and characterized the in vivo
aggregates formed during the expression of the
mostly insoluble Best2 and D48G(2Y) SH3 domains.
Analysis by TEM shows that Best2 in vivo aggregates
correspond to inclusion bodies (IBs) of around 1 μm
size displaying a typical electro-dense ellipsoidal



Fig. 6. Representative TEM images of distal β-hairpin SH3mutants incubated at 25 °C for one week. The samples were
produced by tenfold dilutions of the original samples used for incubation. (a and b) D48G(2Y); (c) N47G; and (d) D48G
SH3 domains. The scale bar represents 1 μm.
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morphology (Fig. 7a). The aggregates formed by
D48G(2Y) display similar morphology, but short fib-
rillar material was usually detected in contact with
them or in their vicinity (Fig. 7b). Bacterial IBs have
often been regarded as disordered precipitates of
non-specifically coagulated polypeptide chains.
Nevertheless, we have shown that IBs might exhibit
some degree of internal architecture resembling that
of amyloid material.31 We used FTIR to study the
secondary structure of intracellular aggregates. The
FTIR spectra of D48G(2Y) and Best2 aggregates exhi-
bited major bands in the amide region I at 1626 cm−1

and 1628 cm−1, respectively. This indicates the pre-
dominance of an extended intermolecular β-sheet
architecture and suggests similar structural organi-
zation in the intracellular aggregates formed by dif-
ferent SH3 domains (Fig. 8). The displacement in the
signal between aggregates might be related to dif-
ferences in polypeptide packing or to the contribu-
tion to the spectrum of the fibrillar material detected
in association with D48G(2Y) aggregates. We sought
to test whether the detected β-sheet structure in SH3
in vivo aggregates might display amyloid-like fea-
tures by measuring the binding to Th-T and Congo
red. Addition of Th-T to purified intracellular SH3
aggregates resulted in the following: D48G(2Y) and
Best2 exhibited sixfold and threefold increases in the
emission at 482 nm, respectively (Fig. 8). Interest-
ingly, the relative binding to Th-Texhibited by in vivo
formed aggregates resemble closely that of the cor-
respondent aggregates formed in vitro. Both aggre-
gates also bindmoderately to Congo red, as deduced
from the shift to higher wavelengths of the max-
imum in the dye spectrum (Supplementary Data Fig.
S4).Most amyloid fibrils are SDS-insoluble and resist
high concentrations of urea or acid. To test whether
the purified SH3 intracellular aggregates display
such resistance, they were prepared at A340 nm=1
and incubated for 30min in the presence of 5% (w/v)
SDS, 9Murea, amixture of both reagents, or 70% (v/
v) formic acid. In all these conditions, the turbidity of
the solution disappeared completely at the end of the
reaction, indicating the disintegration of the aggre-
gates. SDS-PAGE analysis did not show the presence
of SDS-resistant material in the aggregates. Thus, the
stability of in vivo formed SH3 aggregates is clearly
lower than that of typical fibrils. Still, the structural
and dye-binding properties of SH3 IBs suggest that
they might share common conformational features
with amyloids.



Fig. 8. Conformational properties of intracellular SH3
aggregates. (a) The FTIR spectrum of native SPC-SH3
(dotted line) and in vivo Best2 (broken line) and D48G(2Y)
(continuous line) aggregates. The positions of the spectral
components are estimated from the second derivate
analysis. (b) Fluorescence emission spectra of thioflavin-T
(40 μM) in the absence (no symbols) or in the presence of
SH3 in vivo aggregates. The excitation wavelength was
440 nm; Best2 (squares) and D48G(2Y) (triangles).

Fig. 7. Representative TEM images of intracellular SH3
aggregates. The samples were produced by tenfold dilu-
tions of the original samples. (a) Best2 and (b) D48G(2Y)
SH3 domains. The arrows indicate fibrillar material. The
scale bar represents 1 μm.
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In vitro aggregation correlates with the
conformation and stability of globular SPC-SH3
domains

We sought to study the conformational features of
proteins under in vitro conditions preceding the
onset of aggregation, since these, or conformation-
related, species might have a crucial role in the initial
stages of in vivo protein aggregation by further evol-
ving into aggregates. To this aim, fresh, 20 μM pro-
tein solutions of N47G, D48GD48G(2Y), Best2, Best5
and Best5–I25V mutants were prepared in buffer A
and analysed by CD in the far-UV region. From the
mutants at the hydrophobic core, Best2 displayed a
non-native spectrum, whereas Best5 and Best5–I25V
exhibited native-like conformations. All the mutants
at the distal β-hairpin had spectra consistent with
native-like conformations (Fig. 9).
Aggregation-prone intermediates usually expose

hydrophobic patches to solvent, thus promoting
protein self-assembly. The exposure of hydrophobic
surfaces can be monitored by 1-anilinonaphtalene-8-
sulfonate (ANS) binding. The incubation of 20 μM
(0.14 mg/ml) destabilized Best2 and D48G(2Y) SH3
domains in the presence of 60 μM ANS promoted a
pronounced increase in the fluorescence signal as
well as a strong blue shift of the maximum wave-
length (Fig. 9). Little binding of ANS to Best5, Best5–
I25V, N47G and D48G was observed. Therefore, hy-
drophobic clusters are detected in the more unstable
and aggregation-prone mutants. Interestingly, the
presence of hydrophobic patches is detected both in
mostly unfolded (Best2) and mostly folded contexts
(D48G(2Y)) suggesting that the formation of SH3
intermediates with hydrophobic regions exposed to
solvent might be a requirement for the transition
toward β-sheet-rich aggregated states. Nevertheless,
Best5 forms β-sheet-rich aggregates after prolonged
incubation, despite the fact of displaying an initial
native-like conformation at pH 3.2 and not exposing
hydrophobic patches. Instead, Best5–I25V differing
only in one methyl group at the hydrophobic core
does not aggregate and keeps the native conforma-
tion at high concentrations after prolonged incuba-
tion. To test whether this discrepancy can be ex-
plained by their differential stability in the assay



Fig. 9. Conformational properties of fresh SH3 domains solutions at 20 μM (0.14 mg/ml) and 25 °C in 100 mM NaCl,
100 mM glycine (pH 3.2). (a and b) CD spectra in the far-UV region. (c and d) Fluorescence emission spectra of 60 μMANS
in the absence (no symbol) or in the presence of SH3 domains. The excitation wavelength was 370 nm. (a and c)
Hydrophobic core SH3 mutants; Best2 (circles), Best5 (squares) and Best5–I25V (triangles). (b and d) Distal β-hairpin SH3
mutants; D48G(2Y) (circles), N47G (squares) and D48G (triangles).

Fig. 10. Secondary structure changes on thermal dena-
turation of SH3 domains measured by CD. Ellipticity
changes at 220 nm upon heating are shown for fresh
solutions of 20 μM(0.14mg/ml) Best5 (squares) and Best5–
I25V (triangles) SH3 domains in 100 mM NaCl, 100 mM
glycine (pH 3.2).
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conditions, we analysed the thermal unfolding of
thesemutants at pH 3.2 in buffer A following the loss
of the characteristic CD signal at 220 nm. Both mu-
tants displayed a cooperative unfolding curve. Best5
was less stable (Tm≈331 K) than Best5–I25V (Tm≈
339 K) in mild acidic conditions (Fig. 10), suggesting
that the lower stability of its structure at pH 3.2,
probably related to the presence of strain at the
hydrophobic core, permits the transient sampling of
aggregation-competent conformations and its sub-
sequent self-assembly under conditions in which
Best5–I25V, with an optimally packed interior, re-
mains in a native-like conformation that protects it
from deposition. Thus, as demonstrated within the
cell, aggregation in vitro does not necessarily require
a large destabilization that results in full unfolding
of the protein at equilibrium. In globular proteins it
appears that even subtle changes might determine
the folding fate of the polypeptide, probably by mo-
dulating local fluctuations of the native backbone
towards aggregation-prone conformations. Impor-
tantly, in other protein models, destabilization of the
folding nucleus has been shown to lead tomisfolding



1128 Aggregation Properties of SH3 Domains
and subsequent in vitro aggregation, suggesting that
the transient population of self-assembly-competent
intermediate conformations might constitute a gen-
eric trigger of protein deposition.49–52
Conclusions

Overall, our data confirm that native state stability
and cooperativity disfavours the aggregation of glo-
bular proteins, because it prevents local or global un-
folding and thus the population of assembly-
competent intermediates. This appears as a very
successful evolutionary strategy to avoid aggrega-
tion, since few globular proteins aggregate from their
stable native conformation in their natural environ-
ment.6,53 Accordingly, in the conformational diseases
in which globular proteins are implied, pathogenic
mutations resulting in increased levels of aggregated
protein usually destabilize the native folded conform-
ation.54,55 Importantly, as shown here, even highly
conservative mutations can shift the equilibrium bet-
ween folded and aggregated states. Our data support
the use of approaches aimed at stabilizing the native
state of globular amyloidogenic proteins as an ef-
ficient strategy for the therapeutics of amyloid
diseases.56

From our study, it is likely that the same conform-
ational constrains that determine in vitro aggregation
might influence the in vivo fate of globular domains,
thus validating the use of in vitro approaches to anti-
cipate aggregation properties in the more complex
cellular environment.
Aggregation reactions have serious ramifications

in biotechnology, since, in many cases, they hinder
the expression of sufficient quantities of a protein in
the native, active state to allow for efficient produc-
tion of protein-based drugs. The observed associa-
tion of protein stability and solubility suggests that
both properties can be targeted simultaneously du-
ring protein production. This is of significant interest
for the biotechnology industry, since both features
are usually a requirement for the biomedical applic-
ation of polypeptides as drugs.
Materials and Methods

Protein expression and purification

Competent E. coli BL21 (DE3) cells were transformed
with compatible pBAT4-derived plasmids encoding SPC-
SH3 and its mutants. Transformed cells were incubated in
Luria Bertani medium (with 100 μg/ml of ampicillin)
overnight at 37 °C and then diluted to 1/100 (v/v). At
A600 nm=0.6, the cultures were induced with 1 mM IPTG
and incubated at 37 °C for 12 h. Soluble and insoluble
fractions were isolated using the BugBuster® Protein
Extraction Reagent from Novagene according to the
procedure recommended by the manufacturer, and the
proteins present in these fractions were resolved on Tricine-
SDS/12% (w/v) PAGE gels. Gels were stained with
Coomassie brilliant blue, scanned at high resolution and
SH3 bands quantified with the Quantity One software from
Bio Rad. SPC-SH3 and its mutants were purified as
described.26 Homogeneous samples of SH3 were dialysed
extensively against pure water and lyophilized. Protein
concentration was determined by measurement of absor-
bance at 280 nm using extinction coefficients as described.57

All mutants were sequenced and protein identity was
checked by mass spectrometry. Unless indicated otherwise,
proteins were reconstituted in 100 mM glycine, 100 mM
NaCl, pH 3.2 buffer for aggregation and conformational
studies. Intracellular protein aggregates were purified from
cell extracts by detergent-based procedures as described.34

For the determination of inclusion body protein, these
structures were resuspended in 6 M guanidinium hydro-
chloride for 1 h at 37 °C. The absorbance spectra of the
different mutant solutions were recorded between 240 nm
and 600 nm, and the scattering contribution to the signal
was corrected. Protein concentration was calculated by
using the molar absorption coefficient at 280 nm for the
unfolded form of each SH3 mutant.

Binding to amyloid-diagnostic dyes

Samples were tested for Congo red binding by the spec-
troscopic band-shift assay as described.58 Samples (5 μl) of
1.7 mM (12 mg/ml) protein solution were diluted with
reaction buffer (5 mM sodium phosphate, 150 mM NaCl,
pH 7.0) containing 15 μM Congo red. Samples were equi-
librated for 5 min at 25 °C before analysis. Absorption
spectra were collected together with negative control solu-
tions of dye in the absence of protein and of protein
samples in the absence of dye, subtracting the scattering
contribution from the samples spectra, with a CARY-100
Varian spectrophotometer.
Th-T binding assays were carried out using samples of

5 μl from 1.7 mM (12 mg/ml) protein. These samples were
diluted into buffer (10 mM sodium phosphate, 100 mM
NaCl, pH 7.5) containing 40 μM Th-T, and adjusted to a
final volume of 1 ml. Fluorescence data were collected after
5 min to ensure that thermal equilibrium had been
achieved. Th-T was excited at 440 nm with a 2.5 nm slit
width and the fluorescence emission was recorded at
485 nm with a 5 nm slit width, using a fluorescence spec-
trophotometer (Varian, Cary Eclipse). The same procedure
was used to test the binding of Th-T and Congo red to in
vivo formed aggregates.

Electron microscopy

Samples were incubated at 25 °C for one week before
measurements for in vitro studies or purified from the
insoluble fraction of cells for in vivo analysis. Samples were
diluted tenfoldwith the same buffer and samples of 5–10 μl
were placed on carbon-coated copper grids and left for
5 min. The grids were then washed and stained with 2%
(w/v) uranyl acetate for another 5 min before analysis
using a HITACHI H-7000 transmission electron micro-
scope operating at an accelerating voltage of 75 kV.

Circular dichroism

CD experiments were performed with a Jasco J-715
spectropolarimeter. Measurements of the far-UV CD
spectra (260–205 nm) were made with a 2 mm path-length
quartz cuvette taking 10 μl samples from the aggregation
mixture (proteins incubated at 25 °C during one week) and
diluting them with the appropriate buffer (100 mM
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glycine, 100 mM NaCl, pH 3.2) to a final volume of 500 μl
(protein concentration of about 35 μM (0.25 mg/ml).
Spectra were recorded at 25 °C. Non-incubated samples
were analysed at 20 μM (0.14 mg/ml) final protein con-
centration in the same buffer. The resulting spectrum was
the average of 20 scans. Thermal denaturation of SH3 do-
mains was studied using a Jasco J-715 spectropolarimeter
equipped with a thermostat controlled cell holder. Scans
were conducted between 15 °C and 95 °C at a scan rate of
1 degC/min. Changes in CD signal at 220 nm were recor-
ded. The protein concentration was 20 μM (0.14 mg/ml).
The fitting of the experimental data was performed using
the non-linear, least-squares algorithm provided with the
software KaleidaGraph (Abelbeck Software) assuming a
two-state denaturation process.

FTIR spectroscopy analysis

SH3 sampleswere analysed using a Bruker Tensor 27 FT-
IR spectrometer (Bruker Optics Inc) with a Golden Gate
MKII ATR accessory. Each spectrum consists of 125 inde-
pendent scans, measured at a spectral resolution of 2 cm−1

within the 1800–1500 cm−1 range. All spectral data were
acquired and normalized using the OPUS MIR Tensor 27
software. Second derivatives of the spectra were used to
determine the frequencies at which the different spectral
components were located.

ANS binding assay

The fluorescence emission spectra of ANS in the pre-
sence and in the absence of protein were recorded with a
fluorescence spectrophotometer (Varian, Cary Eclipse) at
25 °C. Proteins were diluted in 100 mM glycine, 100 mM
NaCl, pH 3.2 buffer containing 60 μMANS to obtain a final
protein concentration of 20 μM (0.14 mg/ml). The ANS
fluorescence was then read immediately using an excita-
tion wavelength of 370 nm and the fluorescence emission
was collected between 400 nm and 600 nm, with excitation
and emission slit widths of 2.5 nm and 5 nm, respectively.
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ABSTRACT 

Protein misfolding and aggregation are interconnected processes linked to the 

onset of an increasing number of human nonneuropathic, systemic, and 

neurodegenerative disorders. In particular, misfolding of native α-helical structures and 

their self-assembly into nonnative intermolecular -sheets has been proposed to trigger 

amyloid fibril formation in Alzheimer’s and Parkinson’s disorders. Here, we use a 

battery of biophysical techniques to elucidate the conformational conversion of native 

-helices into amyloid fibrils using the all- FF domain of yeast URN1 as a model 

system. FF domains are small four-helix bundle protein-protein interaction modules 

whose folding reaction has received much attention in recent times. However, their 

aggregation properties remained uncharacterized. We show that under mild denaturing 

conditions at low pH this FF domain self-assembles into amyloid fibrils. Theoretical 

and experimental dissection of the secondary structure elements in this domain indicates 

that the helix 1 at the N-terminus has both the highest -helical and amyloid 

propensities, controlling the transition between soluble and aggregated states of the 

protein. The data illustrates the overlap between the native and amyloid propensities in 

the protein sequences, contributing to explain why proteins cannot avoid the presence of 

aggregation-prone regions. 

 

 

 



INTRODUCTION 

The function of a large majority of polypeptides depends on the attainment of a 

globular, compact and specific three-dimensional structure after their synthesis at the 

ribosomes [1]. Only properly folded globular proteins can interact specifically with their 

molecular targets [2]. The protein quality machinery works to minimize the 

accumulation of misfolded species, not only because they are not functional, but also 

because these conformers often display an intrinsic propensity to self-assemble into 

toxic aggregates, provoking the impairment of essential cellular processes. Accordingly, 

protein misfolding and aggregation lie behind an increasing number of human diseases 

that include highly debilitating disorders like Alzheimer’s or Parkinson’s disease [3]. 

Despite the polypeptides causing these pathologies are not related in terms of sequence 

or structure, in many cases their aggregation leads to the formation of amyloid fibrils, 

all sharing a common cross-β motif [4]. However, the adoption of amyloid-like 

conformations is not restricted to disease-linked proteins and might constitute a generic 

property of polypeptide chains [5,6,7], likely because the non-covalent contacts that 

stabilize native structures resemble those leading to the formation of amyloids [8].  

It was initially thought that, for globular proteins not linked to disease, amyloid 

fibril formation involved the docking of monomeric partially folded states, which 

display pre-existent β-sheet structure. Nevertheless, it was early shown that all-α 

proteins can also be induced to form amyloids under strongly destabilizing conditions. 

In particular, Dobson and co-workers demonstrated that in the case of apomyoglobin, 

amyloid fibril formation correlates with environments in which the protein backbone is 

unfolded, rather than with conditions that may allow population of partially structured 

states enriched in β-sheet conformations [9,10]. Destabilization of apomyoglobin by 

mutation of two highly conserved Trp residues to Phe also results in the formation of 

amyloid fibrils, under conditions close to physiological [11]. For this double mutant, 

solution conditions that promote the population of the native α-helical secondary 

structure abolish the polymerization of the protein [11], illustrating a competition 

between folding and aggregation. In the present work we use the FF domain to provide 

further insights into the mechanism of amyloid fibril formation by α-helical proteins.  

FF domains are small protein-protein interaction modules consisting of ~50-70 

residues often organized in tandem arrays and characterized by the presence of two 

conserved Phe residues at the N- and C-termini [12]. The three-dimensional structures 



of several FF domains have been solved, showing that this fold consists of three α-

helices arranged as an orthogonal bundle with a 310 helix in the loop connecting the 

second and the third helix [13,14,15]. They are involved in RNA splicing, signal 

transduction and transcription processes [16,17]. These domains are present in a variety 

of eukaryotic nuclear transcription and splicing factors as well as in p190RhoGTPase-

related proteins and their sequences are well conserved from yeast to humans [12]. 

However, the sequences of different FF domains are highly divergent. The loops 

connecting the different α-helical regions display the highest sequential variability, both 

in length and amino acidic composition. The main structural difference between 

divergent FF domains is the orientation, and sequence, of the second helix, which has 

been proposed as the structural element responsible for ligand specificity. 

The folding process of the FF domain from human HYPA/FBP11 

(HYPA/FBP11-FF) has being characterized in detail [18,19,20,21]. This domain is 

receiving considerable attention, especially because it forms early in the folding reaction 

an on-pathway, short-lived and low populated intermediate state whose structure has 

been solved at atomic resolution combining NMR relaxation dispersion methods and 

computational techniques, providing thus a molecular description of a transient folding 

intermediate with unprecedented detail [22,23,24,25].  

The aggregation properties of FF domains have not been characterized yet. Here, 

we address this issue using the yeast URN1 FF domain (URN1-FF) as a model system. 

This is the only FF domain of the yeast URN1 protein consisting of 59 residues and 

adopts a canonical α1-α2-310-α3 FF fold (Fig 1). Relative to HYPA/FBP11-FF, the three 

α-helices are shorter in the yeast domain. Also, helices 1 and 3 are closer and more 

orthogonal in URN1-FF. We show here that URN1-FF forms amyloid fibrils at low pH. 

Using a battery of biophysical techniques to study the conformational, thermodynamic 

and kinetic properties of soluble URN1-FF, the morphological, structural and tinctorial 

properties of its aggregates as well as dissecting this domain into its individual 

secondary structure elements, we demonstrate that helix 1 at the N-terminus plays a key 

role in controlling the conformation and solubility of this small all-α protein. 



RESULTS 

pH dependence of URN1-FF conformational properties 

 In contrast to HYPA/FBP11-FF, which displays a basic pI of 9.9, the pI of 

URN1-FF is 4.4. We studied the conformational properties of URN1-FF over the pH 

range 2.0–5.7 and 298 K by far-UV circular dichroism (CD), intrinsic fluorescence and 

1-anilinonaphtalene-8-sulfonate (ANS) binding at 20 M protein concentration (Fig 2). 

 The far-UV CD of URN1-FF at pH 5.7 is similar to that reported for 

HYPA/FBP11-FF in the same conditions and, in agreement with its solution NMR 

structure, it corresponds to that of a canonical -helical protein, displaying the 

characteristic minima at 210 and 222 nm (Fig 2A). Analysis of the CD spectra with the 

K2D3 algorithm predicts a secondary structure content consisting of 95% of -helix and 

5% or random coil without any significant -sheet component. The far-UV CD spectra 

of URN1-FF solutions at different acidic pHs (2.0, 2.5 and 3.0) all display an -helical 

spectra similar to that under native conditions at pH 5.7, despite exhibiting reduced 

ellipticity at pH 2.0 (Fig 2A), suggesting that this domain retains a significant amount of 

their native secondary structure at low pH. K2D3 predicted an -helix content of 95%, 

95% and 93% at pH 3.0, 2.5 and 2.0, respectively, without any significant contributions 

of -sheet signal. In contrast to the other conditions, the protein solution becomes 

cloudy at pH 4.0. This was probably because this pH is close to the URN1-FF pI, 

resulting in isoelectric protein precipitation. Therefore this condition was not further 

analyzed. 

 URN1-FF contains two buried Trp residues at positions 27 and 56. We 

monitored the pH-induced changes in the tertiary structure of this domain following the 

variation in Trp emission. A progressive increase in fluorescence intensity and a red 

shift of the maximum emission wavelength was observed as pH decreases, indicating an 

increase in the solvent exposure of these aromatic residues (Fig 2B). Importantly, at the 

lowest pH value tested here the maximum emission was ~335-340 nm, indicating that 

the Trp residues are not fully solvent-exposed. This suggested opening of the native 

conformation with the concomitant partial exposure of hydrophobic clusters at low pH. 

To test this possibility further, we analyzed the binding of URN1-FF to ANS at the 

different pHs. At all pH values the protein was found to increase the fluorescence of 

ANS and cause a blue-shift of its emission maximum. However, a dramatic increase in 



ANS fluorescence was observed at pH 2.0 and 2.5, with intermediate and low ANS 

fluorescence increases at pH 3.0 and 5.7, respectively (Fig 2C).  

 The structural features of the URN1-FF at pH 2.5 and 5.7 were also evaluated by 

NMR spectroscopy. The one-dimensional NMR (1H-NMR) spectrum of the protein at 

pH 5.7 displayed a wide signal dispersion of resonances at both low (amide and 

aromatic region) and high (methyl region) fields, with good peak sharpness, 

characteristic of folded molecules (Fig 2D). At pH 2.5, certain peak collapse was 

observed. However, the signal dispersion is indicative of the retention of a significant 

number of URN1-FF intramolecular contacts at this pH. 

 Overall, the structural features of URN1-FF at acidic pH are compatible with the 

population of a molten globule-like structure in these conditions. To assess the stability 

of the detected URN1-FF species, we monitored the evolution of their conformational 

properties in a wide range of pH, from 1.5 to 6.5 along time. In the 2.0-6.5 pH range no 

changes in tertiary structure, as monitored by Trp fluorescence, and secondary structure, 

as monitored by CD, were detectable upon 24 h incubation. Accordingly, no 

aggregation signs were visible by light scattering, in this time period and pH range (Fig 

S1) indicating that the conformational ensembles are at least metastable. 

 

pH dependence of URN1-FF thermal and chemical stability  

 The thermal stability of URN1-FF under native conditions (pH 5.7) was 

analyzed following the changes in the far-UV CD spectra at 222 nm and in intrinsic 

fluorescence at 350 nm (Fig 3A and 3B, respectively). The two probes reported 

essentially identical thermal transitions, with a melting temperature Tm of 340.9 ± 

0.3and 341.4 ± 0.1 K, by far-UV CD and intrinsic fluorescence, respectively. The data 

were therefore analyzed according to a two-state model for unfolding (Table 1). We 

addressed then the dependence of the thermal stability of the domain on the pH. At all 

assayed pHs, cooperative transitions that could be analyzed according to a two-state 

thermal unfolding model where observed. Nevertheless, the thermal stability of URN1-

FF is drastically affected by the pH. The Tm decreases with decreasing pH and is 

reduced by ~30 K from pH 5.7 to 2.0 (Table 1). A good agreement between the 

thermodynamic values calculated from CD and fluorescence data is observed at all pHs. 

To analyze differences in the stability of the different URN1-FF conformations, 

we studied the resistance of the protein at different pH values against chemical 

denaturation with urea at 310 K by monitoring the changes in molar ellipticity at 222 



nm and in Trp fluorescence intensity at 350 nm (Fig 3C and 3D, respectively). We 

selected 310 K because at this temperature the percentage of folded URN1-FF strongly 

depends on the pH. As it will be seen in the next sections, this will allow us correlate 

the degrees of native structure and aggregation. At pH 5.7 the FF domain unfolded in a 

cooperative, two-state process. Accordingly, the thermodynamic values obtained from 

fluorescence and CD measurements were similar (Table 2). ΔGH2O of 5.33 ± 0.25 

kcal/mol and 5.94 ± 0.18 kcal/mol were calculated by far-UV CD and intrinsic 

fluorescence, respectively. A [urea]50% of 6.75 M was obtained for both probes. This 

domain is significantly more stable than the structurally homologous human 

HYPA/FBP11 FF domain, which has a ΔGH2O of 3.6 kcal/mol and a [urea]50% of 3.1 M 

at the same pH. 

 A dramatic decrease of URN1-FF thermodynamic stability was observed at 

lower pHs. At pH 3.0 and 2.5 the protein exhibited a complete cooperative transition. 

CD and fluorescence analysis rendered similar thermodynamic parameters showing that 

the protein is destabilized by ~ 3.6 and ~ 4.4 kcal/mol at pH 3.0 and 2.5, respectively 

(Table 2). As expected, at pH 2.0 the domain is partially unfolded and displays marginal 

stability since 310 K is close to the Tm at this pH. 

 

Folding and unfolding kinetics of the URN1-FF domain 

The kinetics of folding and unfolding of the URN1-FF domain at pH 5.7 were 

determined by stopped-flow and fluorescence detection under a wide range of 

denaturant conditions at 298 and 310 K. In both cases, the folding and unfolding traces 

by fluorescence fit well into single exponentials. Moreover, the chevron plots appear to 

be linear in the complete range of urea concentration studied (Fig 4A), indicating the 

lack of detectable intermediates, according with a two-state model. The rate constants 

for folding (kf) and unfolding (ku) and their dependence on denaturant concentration (mf 

and mu) are shown in Table 3. The thermodynamic data at 310 K obtained from kinetic 

measurements are in good agreement with the equilibrium data at this temperature with 

chemical denaturation. Increasing the temperature from 298 to 310 K has a moderate 

effect on the thermodynamic stability of URN1-FF (~ 0.3 kcal/mol), but it has an 

important impact on the folding and unfolding rates, which increase by 2.6 and 5.8 fold, 

respectively. The folding and unfolding kinetics of the HYPA/FBP1 domain have been 

characterized at 283 K. Unfortunately, URN1-FF could not be studied at this 

temperature since at the high concentrations required for unfolding reactions urea 



crystallizes, precluding direct comparison of kinetic traces. However, it is worth 

mentioning that even at 310 K the unfolding rate of URN1-FF is two fold slower than 

that of HYPA/FBP1-FF at 283 K, suggesting that the unfolding rate is a main 

contributor to the different thermodynamic stabilities exhibited by these two FF 

domains.  

 The pH dependence of the unfolding rate at 8 M urea was measured at 310 K 

over the pH range 3.5-6.5 (Fig 4B). Below pH 3.5 the unfolding reaction was too fast to 

be monitored with our equipment. As it happens with HYPA/FBP1-FF, lowering the pH 

results in an increase in the ku value for URN1-FF. The plot of ln (ku) versus pH allows 

approximating the unfolding rate constants at pH 2.5 and pH 2.0, 8M urea and 310 K by 

extrapolation. Then, assuming that mu is independent of pH, ku[H2O] values of ~ 150 

and ~ 360 s-1 are calculated at pH 2.5 and 2.0, respectively. This indicates that the 

domain unfolding is very fast under these conditions. 

 

Effect of pH on the aggregation of the URN1-FF domain 

 The population of molten-globule like states has been correlated with the 

formation of amyloid aggregates [26]. Despite URN1-FF remains soluble at 20 M at 

all pHs, with the exception of pH 4, it might aggregate at higher concentrations. To 

assess if the URN1-FF domain self-assembles into macromolecular structures in a pH 

dependent manner, the protein was incubated at 140 μM and 310 K for 7 days over the 

pH range 2.0–5.7. The presence and morphology of protein aggregates was analyzed 

using Transmission Electron Microscopy (TEM) (Fig 5A). Fibrillar species were 

observed at both pH 2.0 and pH 2.5. The fibrils in both solutions were long and 

unbranched and consist of linear fibrils with a diameter of ~7 nm or twisted fibrils with 

a diameter of ~14 nm. At pH 3.0 only small protofibrillar-like aggregates were 

observable and at pH 5.7 the solution was essentially devoid of aggregates. 

Quantification of the amount of aggregated protein by sample fractionation using 

sedimentation at 100,000g for 1 hour is consistent with the TEM analysis, showing that 

most of URN1-FF is aggregated at pH 2.0, 2.5 and 3.0, with 97%, 99% and 100% of the 

total protein being located in the insoluble fraction, respectively. On the contrary, 93% 

of the protein remained in the soluble fraction at pH 5.7. As expected, the protein 

solution became immediately cloudy at pH 4.0. Accordingly, large and amorphous 

aggregates were observed by TEM (Fig S2). 



 We used the amyloid-specific dyes thioflavin T (ThT) and Congo red (CR) to 

analyze if the aggregates detected in the different protein solutions exhibit amyloid-like 

features (Fig 5B and 5C). In agreement with their fibrillar appearance, the aggregates 

formed at pH 2.0 and 2.5 promoted the highest increase in ThT fluorescence emission, 

followed by the pH 3.0 protofibrillar assemblies; little ThT binding was observed at pH 

5.7. With the exception of pH 5.7, incubation of URN1-FF at all other pHs promoted 

binding of the protein to CR resulting in a red-shift and an increase in the absorbance 

maximum of the dye, thus confirming the presence of amyloid-like aggregates formed 

in these conditions. 

 We then monitored the conformational properties of the URN1-FF aggregates 

incubated in the different acidic conditions using far-UV CD (Fig 5D). The protein 

incubated at 140 M, pH 5.7, 310 K for 7 days exhibited essentially the same native 

spectrum as the freshly dissolved protein at 20 M, displaying the characteristic minima 

at 210 and 222 nm (Fig 5D). In contrast, in FF domains incubated at pH 2.0, 2.5 and 3.0 

the transition towards a -sheet enriched conformation was evident. 

 We also monitored the exposure of hydrophobic clusters to the solvent in the 

aggregates attained at the different pHs with ANS (Fig 5E). The fibrils formed at pH 2.0 

exhibited the highest ANS binding, suggesting conformational differences between 

these assemblies and the fibrils formed at pH 2.5, in line with their different binding to 

CR and -sheet signal intensity in the CD spectra.   

 Overall, the data converge to indicate that the URN1-FF domain forms 

aggregates displaying different morphological and conformational properties depending 

on the pH. In particular, the aggregates at pH 2.0 and 2.5 have the morphology,  

structural and tinctorial characteristics typical of amyloid fibrils. 

 

The aggregation kinetics of the URN1-FF domain at low pH 

 The time course of URN1-FF amyloid fibril formation at 140 M, pH 2.5 and 

310 K was monitored by light scattering and ThT fluorescence. The kinetics of amyloid 

fibril formation usually follows a sigmoidal curve that reflects a nucleation-dependent 

growth mechanism. The assembly of URN1-FF follows this kinetic scheme but exhibits 

a short lag phase (Fig 6 and Table S1). The kinetic traces, as well as the lag time and the 

elongation rate constant for the aggregation reaction, followed by ThT binding and light 



scattering were essentially identical, indicating that at pH 2.5, the formation of amyloid-

like intermolecular interactions occurs rapidly in the aggregation process.  

 

Prediction of URN1-FF sequence segments with α-helical and aggregation 

propensities 

 It is now accepted that specific and continuous sequence segments of a protein 

promote amyloid-like reactions and participate to the formation of the β-core of the 

mature fibrils [27,28]. Different computational methods have been developed to predict 

those sequential stretches [29,30]. The evidence that at low pH URN1-FF forms 

amyloid fibrils indicates that this domain should posses at least one amyloidogenic 

region. To this purpose we have used a number of the existing algorithms to identify the 

region of the URN1-FF sequence that most likely promote amyloid fibril formation of 

the protein. WALTZ detects the stretch spanning residues 12-17 in helix 1 at pH 2.5. 

Consistently, PASTA detects a single amyloidogenic region comprising residues 10-16. 

In addition to helix 1, BETASCAN and FOLDAMYLOID algorithms predict a second 

sequence comprising residues 25-20 and 25-29, respectively, at the end of loop 1 and 

beginning of helix 2. Finally, in addition two these two stretches, AGGRESCAN 

suggests that residues 50-55 in helix 3 may also display a moderate aggregation 

propensity (Fig 7A). 

 The predicted α-helical propensity of the URN1-FF sequence was analyzed 

using AGADIR in the 2.4-5.8 pH range at 310 K. The global α-helical propensity of the 

protein is predicted to decrease with decreasing pH. At pH 5.7 the region of highest α-

helical propensity corresponds to residues 6-21, including the complete helix 1 and the 

initial part of loop 1, the rest of residues display low intrinsic α-helical propensity. Helix 

1 is also the region with the highest α-helical propensity at pH 2.5 but its predicted α-

helical propensity is two fold lower. 

 To confirm the above conformational and aggregation predictions we designed 

five peptides encompassing the entire URN1-FF amino acid sequence (Fig 7B). The Nt 

peptide corresponds to residues 1-7 at the N-terminus, which are devoid of any regular 

secondary structure in the native protein. The H1 peptide corresponds to the complete 

helix 1 (residues 8-20). The H2 peptide comprises the stretch 21-35 including loop 1 

and helix 2. The 310 peptide includes loop 2 and the 310 helix. These residues (36-45) 

connect the helices 2 and 3 in the native structure. Finally, the H3 peptide includes 



residues 46-59 at the C-terminal helix 3. All peptides were prepared with both 

unprotected termini. 

 

Conformational properties of synthetic URN1-FF peptides 

 We first assessed the conformational properties of the URN1-FF peptides using 

far-UV CD at 100 μM, in 100 mM glycine buffer at pH 2.5 and 298 K (Fig 8A-E). In 

this condition all the peptides exhibited an essentially unstructured conformation with 

minima below 200 nm, in agreement with the general observation that -helices are 

only slightly stable in most short peptides in aqueous solution [31,32]. Trifluoroethanol 

(TFE) has been recurrently used to stabilize the α-helical structure in short peptides 

[33,34,35]. Several proteins have been split into peptide fragments which showed a 

tendency to form α-helices in TFE, even if they were unstructured in water. This 

propensity is particularly strong for peptides corresponding to α-helical regions in the 

intact protein [36]. Therefore, we tested the effect of TFE in the 5-25% (v/v) 

concentration range on the CD spectra of URN1-FF peptides at pH 2.5 (Fig 8A-E). In 

agreement with the poor secondary structure content of the correspondent protein 

regions in the native state, the Nt and 310 peptides did not show evidence of secondary 

structure formation in any solvent condition. The H1 and H3 peptides exhibited a shift 

of the molar ellipticity minima toward 210 at 222 nm at increasing TFE concentrations 

indicating the adoption of an -helical conformation, consistent with these two 

segments being the largest α-helical regions in the native URN1-FF structure. The molar 

ellipticity at 222 nm also increases with TFE concentration in the H2 peptide, despite 

the signal at 210 nm is not evident, indicating a certain propensity to populate the -

helical state but clearly lower than in the case of the H1 and H3 peptides. This is 

consistent with a smaller length of helix 2 in the native state. The plot of molar 

ellipticity at 222 nm versus TFE concentration allows comparing the effect of the 

solvent on the gain of -helical conformation in the different peptides (Fig 8F). The 

TFE effect is higher for H1, followed by H3 and then H2, with no apparent structural 

induction in the Nt and 310 peptides. These results are in agreement with the highest α-

helical propensity predicted by AGADIR for helix 1 at pH 2.5. 

 

 

 



Aggregation properties of synthetic URN1-FF peptides 

 As a next step, we analyzed the properties of the URN1-FF peptides upon 

incubation under aggregation-promoting conditions (1500 μM for the Nt peptide and 

600 μM for the rest of the peptides, in 100 mM glycine buffer at pH 2.5 and 310 K) in 

the absence and in the presence of 15% and 25% (v/v) of TFE using far-UV CD and 

compared them with the ones exhibited by the peptides under non-aggregating 

conditions (100 μM, 100 mM glycine buffer, pH 2.5 and 298 K) (Fig 9A-E). A negative 

peak at ~217 nm, indicative of -sheet structure, was observed in the CD spectrum of 

the H1 peptide in the absence of TFE. The -sheet signature is still evident in the 

presence of 15% (v/v) of TFE. In contrast, when the H1 peptide was incubated in the 

presence of 25% (v/v) TFE it adopted a random coil conformation and the spectrum 

overlapped with the one of the peptide under non-aggregating conditions in the absence 

of the alcohol. We monitored the morphology and amyloid-like features of the peptide 

aggregates by ThT fluorescence (Fig 9F) and TEM binding (Fig 9G-K) in the absence 

and presence of 25% (v/v) TFE. In the absence of TFE, fibrillar structures displaying a 

strong binding to ThT were observed, compatible with an amyloid-like structure. The 

presence of TFE reduced drastically the formation of aggregates and abolished ThT 

binding. 

 The H3 peptide formed amorphous aggregates under aggregating conditions in 

the absence of TFE, as imaged by TEM, causing a significant loss of the far-UV CD 

signal, relative to that observed under non-aggregating conditions. Accordingly, these 

aggregates exhibited low binding to ThT. In contrast to H1, the presence of 25% (v/v) 

TFE promoted the appearance of a -sheet signal in the CD spectrum of H3, an increase 

in ThT fluorescence, and the formation of smaller peptide aggregates, as observed by 

TEM. 

 The Nt, H2 and 310 peptides exhibited predominantly random coil structure 

under aggregating conditions in the absence of TFE. These three peptides were 

insensitive to the presence of TFE: small changes were observed in their far-UV CD 

spectra, little aggregation was visualized by TEM and no significant binding to ThT was 

observed, indicating that they remain essentially soluble even at high concentration and 

low pH. 

 

 



Accessibility of -helices in the URN1-FF domain at low pH 

 The peptide analysis suggests that helix 1 displays the highest α-helical and 

aggregation propensities at low pH and that marked propensities are also displayed by 

the H3 peptide, albeit to a lower extent. We used limited proteolysis to test if these two 

α-helices display detectable flexibility at 140 μM, 100 mM glycine buffer, pH 2.5 and 

310 K in the complete URN1-FF domain and can therefore be cleaved by proteases. The 

FF domain was incubated with pepsin and the progress of the digestion reaction was 

monitored by SDS-PAGE on Tricine gels and by MALDI-TOF mass spectrometry 

(MS). A major band appeared after 30 seconds of digestion (Fig 10A) with a molecular 

weight of 4587 Da (Fig 10B), which could be assigned to residues 16-52. After 1 

minute, a main fragment of 3108 Da was detected. This fragment corresponds to 

residues 16-40 and remains resistant to proteolytic attack even after prolonged 

incubation. It results from an internal cleavage of the original 16-52 segment. 

Accordingly, the appearance of the 3108 Da peak in the MS spectrum is always 

associated with the presence of a 1495 Da peak that matches with the predicted mass of 

the 41-52 fragment. Therefore, the data are consistent with the first rapid cleavages 

taking place inside helices 1 and 3 (Fig 10C), suggesting that they display a high 

conformational flexibility and low protection in the monomeric molten-globule state of 

the protein at low pH.  



DISCUSSION 

 It is now accepted that amyloid fibrillation constitutes a generic property of 

polypeptide chains, including globular proteins [1]. Regardless of the amino acid 

sequence, amyloid fibrils comprise a common cross-structure [4]The corollary is that 

the competition between native and cross- conformations is inherent to most globular 

proteins. The native structure has evolved under natural selection and is sustained by 

specific interactions between side-chains, which determine the backbone conformation. 

By contrast, repetitive backbone-backbone interactions dominate amyloid fibrils, with 

side chains being accommodated in the most favourable disposition compatible with the 

cross- structure. Nevertheless, side chain contacts are crucial determinants of the initial 

transition of soluble proteins towards amyloid states, modulating thus amyloid 

propensity [27]. Similarly, the propensity of a polypeptide to form specific secondary 

structures is assumed to depend largely on its primary sequence. The transition of native 

-helices to amyloid -sheets illustrates how these structural propensities might overlap 

and are modulated by the structural context. -helices and -sheets represent alternative 

ways of saturating all the hydrogen bond donors and acceptors in a polypeptide 

backbone. Therefore, fluctuations between these two types of secondary structures 

involve the disruption and establishment of a significant number of non-covalent 

interactions. Understanding the transition between these two conformations is of interest 

since it has been suggested to underlie aggregation of the A peptide and -synuclein in 

Alzheimer’s and Parkinson’s diseases, respectively [37,38].  

 Destabilization of the native state, either by solution conditions or by mutations, 

is a usual requirement for amyloid fibril formation in globular proteins. It usually 

promotes the population of partially unfolded conformers that otherwise are inaccessible 

or in fast equilibrium with the native state. Mild denaturation at low pH has been used 

in different protein models to induce amyloid fibril formation [39,40]. Here, we have 

studied the aggregation propensity of the URN1-FF domain as a function of the pH. We 

observed that for this all- protein, the α-helical isomers populated below pH 3.0 

display a high propensity to experiment a conformational transition leading to the 

formation of -sheet enriched amyloid fibrils at physiological temperature. A variety of 

methodologies probing the conformation of soluble and aggregated states of URN1-FF 

and its secondary structure elements have been employed to gain insights into the 

mechanistic aspects of the fibrillation reaction. 



 URN1-FF remained soluble at 20 μM in the pH range 2.0-6.5 for 24h. The 

different isomers formed in these conditions maintained their conformational properties 

in this time window indicating that they are at least metastable. Importantly, no 

significant population of -sheet structures was detected at this protein concentration in 

the complete pH range. Thermal denaturation at pH 2.0-3.0 render cooperative 

transitions with similar Tm and traces for CD and fluorescence probes indicating that 

despite the different secondary and tertiary structure content in the conformers 

populated at the different acidic pHs all them appear to unfold following a two-state 

model, without the apparent population of intermediates. At pH 3.0 and 2.5 the protein 

keeps essentially the same -helical content than the native protein, however thermal 

denaturation indicates that the protein is destabilized in these conditions. At pH 2.0, the 

α-helical content decreases slightly and the protein stability is significantly reduced. 

Overall, the species populated at low pH have characteristics compatible with molten 

globule-like conformations.  

 As in the case of other model globular proteins, solution conditions promoting 

the aggregation of this -helical domain coincide with those allowing the presence of a 

significant amount of native secondary structure since the types of interactions 

sustaining both types of structures are essentially identical. As expected, the high 

stability of the URN1-FF native structure at pH 5.7 prevents the protein from 

aggregation in this condition. Fitting of the chemical denaturation data to a two-state 

folding model indicates that, at 310 K, ~50% of the URN1-FF molecules are unfolded at 

pH 2.0 and equilibrium. At pH 2.5 the unfolded population decreases to 10%, whereas 

at pH 3.0 the protein is essentially in a molten-globule state with native-like secondary 

structure. Therefore, the population of a large amount of unfolded species at equilibrium 

is not a requirement for URN1-FF aggregation into -sheet enriched aggregates. CD 

and fluorescence probes indicate that lowering the pH promotes weakening of the 

hydrogen bonds sustaining the URN1-FF α-helical structure with a concomitant loss of 

tertiary contacts. At low concentration, the main conformational difference between pH 

3.0 and 5.7 protein solutions is the exposition of hydrophobic residues to solvent at pH 

3.0. This effect is even more dramatic at lower pHs. It is likely that URN1-FF 

aggregation will be initiated by the establishment of intermolecular contacts between 

hydrophobic residues in these partially folded conformers that were previously hidden 

in the native structure.  



 At pH 2.5, the aggregation rate is several orders of magnitude slower than the 

rate for conformational unfolding. This suggests that whereas exposure of hydrophobic 

residues to solvent suffices to induce intermolecular self-association at elevated 

concentration, the conformational conversion from -helix to amyloid structures 

requires a significant destabilization of the protein and at least partial unfolding of the 

native α-helical structure; likely because the formation of ordered intermolecular 

hydrogen bonds between -sheets is effectively competed by URN1-FF native helices. 

This will explain why ordered amyloid fibrils are observed at pH 2.5 and not at pH 3.0, 

where the protein is more stable, reducing the probability of forming extended 

conformations that can be aligned into an array of -sheets. Accordingly, proteolysis 

experiments suggest that at pH 2.5 the -helices display strong conformational 

flexibility at this pH. The coincident kinetics for ThT and light scattering at pH 2.5, 

together with the absence of amorphous aggregates in EM images, indicate that fibrils 

are preferentially formed at this pH and that if protofibrillar assemblies are populated in 

this condition, they rapidly convert to fibrillar species, a reaction that does not occur or 

occurs very slowly at pH 3.0. 

 Computational predictions pointed out the helix 1 as the URN1-FF sequence 

stretch with both the highest α-helical and amyloid propensities. Experimental analysis 

of peptides corresponding to the individual secondary structure elements of URN1-FF 

confirmed this extent. Moreover, characterization of the transition state for folding of 

the structurally homologous HYPA/FBP11-FF domain indicates that the helix 1 is part 

of the folding nucleus [41] and this -helix is already formed in an early intermediate in 

the folding pathway of this domain [42]. Kinetic partitioning of protein folding and 

aggregation reactions has been described for some proteins, in such a way that regions 

of the sequence responsible for initiating the process of aggregation do not participate in 

the establishment of the folding nucleus [43]. This is likely not the case for URN1-FF. 

This domain illustrates how nature finds difficult to avoid the presence of aggregation-

prone regions in proteins because, at least in certain cases, residues leading to the 

formation of native structures are also able to trigger self-assembly into toxic 

conformers since both processes involve the development of similar inter-residues 

interactions between transiently unfolded protein regions. In these cases, it is the 

stability of the native conformation, and more specifically the protection of the 

sequence stretches with the highest aggregation propensities, that prevents the transition 



towards amyloidogenic conformations. Accordingly, natural mutations associated with 

familial forms of amyloidosis have been shown to reduce the stability of the folded state 

[44,45]. As illustrated here for the helix 1, stabilization of hydrogen bonds in -helical 

structures, in this case by adding TFE, reduces their ability to self-assemble into -

sheets. Therefore, compounds that target α-helical structure in disease-related proteins 

and reduce their conformational fluctuation might become specific aggregation 

inhibitors. In fact, this approach has already proven successful to reduce A peptide 

induced in vivo neurodegeneration [37] and has been suggested as a promising strategy 

to tackle α-synuclein aggregation in Parkinson’s disease, dementia with Lewy bodies 

and other synucleinopathies [38]. Overall, the FF domain emerges as a new and useful 

protein model to dissect the molecular determinants accounting for the transition 

between soluble and aggregated protein states. 

 

 



MATERIALS AND METHODS 

Protein expression and purification 

The URN1-FF domain corresponds to residues 212-266 of yeast URN1 and was 

cloned into a pETM-30 vector as an N-terminal fusion protein with a His tag followed 

by GST and a TEV protease cleavage site [15]. For protein production, the plasmid was 

transformed in BL21 (DE3) cells and after growing to 0.6 optical density they were 

induced with 1 mM IPTG at 298 K overnight. As a first step of purification, a His-tag 

column was used to isolate the GST-fused protein. Subsequently, a TEV cleavage was 

performed and a final gel filtration HiLoad™ Superdex™ 75 prepgrade (GE healthcare 

Life Sciences) was used to remove the GST protein. The sample was dialyzed against 

water and lyophilized. The purity of the samples was checked by SDS-PAGE and 

MALDI-TOFF mass spectroscopy. Protein concentration was determined by UV 

absorption using a ε value of 1.948 mg-1 ml cm-1. 

 

Sample preparation for URN1-FF and synthetic peptides conformational assays 

Lyophilized URN1-FF protein was dissolved at 20 μM using a wide range of pH 

solutions: 50 mM potassium chloride at pH 1.5 and 1.75; 50 mM glycine at pH 2.0, 

2.25, 2.5, 2.75 and 3.0; 50 mM sodium acetate at pH 3.5, 4.0, 5.0, 5.5 and 5.7; and 50 

mM MES at pH 6.0 and 6.5. Protein solutions were filtered through a 0.22 μm filter and 

immediately analyzed at 298 K by Tryptophan intrinsic fluorescence, far-UV CD, static 

light scattering and ANS binding. Synthetic peptides were dissolved in 100 mM glycine 

at pH 2.5 and sonicated during 10 minutes. In all the cases the final concentration was 

100 μM and different amounts of TFE were added between 0 and 25% (v/v). 

 

Sample preparation for URN1-FF and synthetic peptides aggregation assays 

Lyophilized URN1-FF protein was dissolved at 140 μM in different pH buffers 

and filtered through a 0.22 μm filter. Five different pH conditions were chosen to check 

aggregation: 100 mM glycine at pH 2.0, 2.5 and 3.0; and 100 mM sodium acetate at pH 

4.0 and 5.7. Lyophilized synthetic peptides were prepared at 1500 μM for the Nt peptide 

and 600 μM for the rest of the peptides in 100 mM glycine at pH 2.5 in the presence of 

0, 15 and 25% (v/v) of TFE and sonicated during 10 minutes. In all the cases, the 

samples were incubated under agitation at 400 rpm and 310 K during 7 days. 

 

 



Aggregation kinetics 

URN1-FF protein was prepared at 140 μM in 100 mM glycine at pH 2.5 in the 

presence of 25 μM of ThT. Immediately after equilibrating the sample at 310 K during 5 

minutes, ThT intrinsic fluorescence and light scattering intensity were measured every 5 

minutes during 2000 minutes. The sample was excited at 440 nm and emission 

measurements were recorded at 475 nm for ThT intensity. For light scattering intensity, 

the excitation and emission wavelengths were at 340 and 350 nm, respectively. Slit 

widths of 5 nm were used for both excitation and emission in a CARY-100 Varian 

spectrophotometer. 

 

Electron Microscopy 

Samples were diluted tenfold with water and 10 μl were placed on carbon-coated 

copper grids and left for 5 min. The grids were then washed with distillated water and 

stained with 2% (w/v) uranyl acetate for 1 min. The analysis was done using a 

HITACHI H-7000 transmission electron microscope operating at an accelerating 

voltage of 75 kV. 

 

Binding to amyloid dyes  

URN1-FF aggregates were diluted at 10 μM in phosphate buffer pH 7.5 

containing 25 μM of ThT. Synthetic peptides were studied at 40 μM with the same 

amount of ThT. ThT was excited at 440 nm and fluorescence emission was recorded 

between 460 and 600 nm, using excitation and emission slit widths of 10 nm. Each trace 

was the average of 3 accumulated spectra at 298 K in a CARY-100 Varian 

spectrophotometer. 

To study the binding to Congo red, 30 μl of aggregated URN1- were mixed with 

220 μl of CR (20 μM) in 5 mM phosphate, 150 mM NaCl pH 7.4 buffer at 298 K. After 

5 minutes of equilibration, optical absorption spectra were acquired from 400 to 700 nm 

and accumulated for 3 times with a Jasco V-630 spectrophotometer (Tokyo, Japan). 

Solutions containing only protein and only CR were analyzed to eliminate the protein 

scattering and dye contribution.  

 

ANS binding assay  

Aggregated samples were diluted at 10 μM in phosphate buffer pH 7.5 

containing 25 μM of ANS. To study soluble URN1-FF species, samples were prepared 



at 20 μM containing 25 μM of ANS and analyzed immediately. The excitation 

wavelength was 370 nm and the emission spectra was recorded between 400 and 600 

nm, using excitation and emission slit widths of 5 and 10 nm, respectively. Three 

spectra were accumulated after 5 minutes of equilibration at 298 K in a CARY-100 

Varian spectrophotometer. 

 

NMR spectroscopy 

Lyophilized protein was dissolved at 35 μM in water using a 9:1 H2O/D2O ratio, 

and adjusted at pH 2.5 and pH 5.7. One-dimensional NMR spectra were acquired at 298 

K on a Bruker AVANCE 600-MHz spectrometer using solvent suppression 

WATERGATE techniques. 

 

Circular dichroism, tryptophan intrinsic fluorescence and static light scattering 

Monomeric and aggregated URN1-FF species were prepared at 20 μM and 

measured immediately. Far-UV CD spectra were measured in a Jasco-710 

spectropolarimeter thermostated at 298 K. Spectra were recorded from 260 to 200 nm, 

at 0.2 nm intervals, 1 nm bandwidth, and a scan speed of 50 nm/min. Twenty 

accumulations were averaged for each spectrum. Both monomeric and aggregated 

synthetic peptides were diluted to a final concentration of 100 μM. Far-UV CD spectra 

were recorded in a Jasco J-810 spectropolarimeter (Tokyo, Japan) thermostated at 298 

K, using the same conditions described above.  

Tryptophan intrinsic fluorescence was measured at 298 K in a Cary-100 Varian 

spectrofluorometer using an excitation wavelength of 280 nm and recording the 

emission from 300 to 400 nm. Three averaged spectra were acquired and slit widths 

were typically 5 nm for excitation and emission. Soluble URN1-FF samples were 

measured in a PerkinElmer Life Sciences LS-55 fluorimeter (Wellesley, Massachusetts) 

equipped with a thermostated cell compartment using the same parameters described 

above. The represented values are the integral of the fluorescence between 300 and 400 

nm. 

Static light scattering was recorded in a Jasco V-630 spectrophotometer (Tokyo, 

Japan) at 298 K. Two accumulative spectra were registered between 360 and 240 nm. 

  

 

 



Thermal denaturation  

URN1-FF samples were dissolved at 20 μM and four different pH conditions 

(2.0, 2.5, 3.0 and 5.7). Thermal stabilities were studied by intrinsic fluorescence 

intensity and far-UV CD. The samples were excited at 280 nm and the emission was 

recorded at 360 nm, using slit widths of 5 nm for excitation and emission in a CARY-

100 Varian spectrophotometer. The measurements were registered each 0.25 K with a 

rate of 0.5 K/min. The molar ellipticity at 222 nm was recorded each 0.2 K with a rate 

of 0.5 K/min in a Jasco-710 spectropolarimeter. Experimental data were fitted to a two-

state transition curve using the Kaleidagraph version 4.0 (Synergy Software). 

 

Equilibrium stability measurements 

Lyophilized protein was dissolved at 20 μM in different pH buffers and 

molarities of urea, from 0 to 9 M and left to equilibrate for at least 3h. The samples were 

equilibrated during 10 minutes at 310 K and analyzed by intrinsic fluorescence intensity 

and far-UV CD. The excitation and emission wavelengths were 280 and 360 nm, 

respectively, using a CARY-100 Varian spectrophotometer. Chemical unfolding was 

followed by far-UV CD at 222 nm in a Jasco-710 spectropolarimeter. Experimental data 

were fitted to equation assuming two-state unfolding using the Kaleidagraph version 4.0 

(Synergy Software). 

 

Folding kinetics 

Kinetics of unfolding and refolding reactions at 298 K and 310 K were followed 

in a Bio-Logic SFM-3 stopped-flow instrument using excitation at 280 nm and a 320 

nm fluorescence cut-off filter. Unfolding reaction was promoted by dilution of the 

protein in buffer with appropriate volumes of the same buffer containing 9.5 M urea. 

For folding reactions, appropriate volumes of buffer were added to an initial protein 

solution containing 9.5 M urea. To determine the unfolding rates at 8 M of urea, protein 

and urea solutions were prepared at different pH and unfolding kinetics were recorded 

310 K in a Bio-Logic SFM-3 device.     

Observed rate constants were fitted to the equation describing folding of a two-

state protein, using the Kaleidagraph version 4.0 (Synergy Software). To determine the 

free energy, meq and Cm values we used the following equations: 

 

 



GFU  RT ln(kF /kU )  

)( ufeq mmRTm   

eqUFm mGC /   

where kf and ku are the rate constants for folding and unfolding, respectively, and the mf 

and mu values correspond to the slopes of the respective folding and unfolding regions. 

 

Prediction of the aggregation-prone regions and α-helical propensity of URN1-FF 

domain 

The primary sequence of URN1-FF was used as input to predict the regions 

prone to aggregation. We used five different algorithms: WALTZ [46], AGGRESCAN 

[47], BETASCAN [48], FOLDAMYLOID [49] and PASTA [50]. The tendency of 

URN1-FF to adopt α-helical structure was predicted using AGADIR 

(http://agadir.crg.es/).  

 

Pepsin digestion 

Limited proteolysis was carried out using pepsin in 50 mM glycine buffer pH 

2.5 and 35 μM of URN1-FF protein. The digestion was performed at 310 K containing 

an E/S ratio of 1:200 (by weight) and the reactions were quenched after 0.5, 1 and 5 min 

by adding an appropriate volume of ammonia 2%. The proteolytic mixtures were 

analyzed by Tricine-SDS/12% PAGE and by MALDI-TOFF MS using an Ultraflex 

spectrometer (Bruker) operating in linear mode under 20 kV. Samples were prepared by 

mixing equal volumes of the protein solution and matrix solution (10 mg/ml of sinapic 

acid dissolved in aqueous 30% acetonitrile with 0.1% TFA) and using the dried droplet 

method. A mixture of proteins from Bruker (protein calibration standard I; mass 

range = 3–25 kDa) was used as external mass calibration standard. Peptide fragments 

were identified by mass fingerprinting analysis.  

 



ACKNOWLEDGMENTS 

We acknowledge Dr MJ Macias for providing us the URN1-FF cDNA. This 

work was supported by BFU2010-14901 from Ministerio de Ciencia e Innovación 

(MCISpain) and 2009-SGR 760 from AGAUR (Generalitat de Catalunya). V.C. is 

beneficiary of predoctoral FPU AP 2007-02849 fellowship from the Ministerio de 

Educación-Spain. S.V. has been granted an ICREA ACADEMIA award.  

 

REFERENCES 

1. Dobson CM (2003) Protein folding and misfolding. Nature 426: 884-890. 

2. Daggett V, Fersht AR (2009) Protein folding and binding: moving into unchartered 

territory. Curr Opin Struct Biol 19: 1-2. 

3. Chiti F, Dobson CM (2006) Protein misfolding, functional amyloid, and human 

disease. Annu Rev Biochem 75: 333-366. 

4. Nelson R, Eisenberg D (2006) Recent atomic models of amyloid fibril structure. Curr 

Opin Struct Biol 16: 260-265. 

5. Dobson CM (2004) Principles of protein folding, misfolding and aggregation. Semin 

Cell Dev Biol 15: 3-16. 

6. Jahn TR, Radford SE (2005) The Yin and Yang of protein folding. Febs J 272: 5962-

5970. 

7. de Groot NS, Sabate R, Ventura S (2009) Amyloids in bacterial inclusion bodies. 

Trends Biochem Sci 34: 408-416. 

8. Linding R, Schymkowitz J, Rousseau F, Diella F, Serrano L (2004) A comparative 

study of the relationship between protein structure and beta-aggregation in 

globular and intrinsically disordered proteins. J Mol Biol 342: 345 - 353. 

9. Fandrich M, Fletcher MA, Dobson CM (2001) Amyloid fibrils from muscle 

myoglobin. Nature 410: 165 - 166. 

10. Fandrich M, Forge V, Buder K, Kittler M, Dobson CM, et al. (2003) Myoglobin 

forms amyloid fibrils by association of unfolded polypeptide segments. Proc 

Natl Acad Sci U S A 100: 15463-15468. 

11. Sirangelo I, Malmo C, Casillo M, Mezzogiorno A, Papa M, et al. (2002) 

Tryptophanyl substitutions in apomyoglobin determine protein aggregation and 

amyloid-like fibril formation at physiological pH. J Biol Chem 277: 45887 - 

45891. 



12. Bedford MT, Leder P (1999) The FF domain: a novel motif that often accompanies 

WW domains. Trends Biochem Sci 24: 264-265. 

13. Gasch A, Wiesner S, Martin-Malpartida P, Ramirez-Espain X, Ruiz L, et al. (2006) 

The structure of Prp40 FF1 domain and its interaction with the crn-TPR1 motif 

of Clf1 gives a new insight into the binding mode of FF domains. J Biol Chem 

281: 356-364. 

14. Allen M, Friedler A, Schon O, Bycroft M (2002) The structure of an FF domain 

from human HYPA/FBP11. J Mol Biol 323: 411-416. 

15. Bonet R, Ramirez-Espain X, Macias MJ (2008) Solution structure of the yeast 

URN1 splicing factor FF domain: comparative analysis of charge distributions 

in FF domain structures-FFs and SURPs, two domains with a similar fold. 

Proteins 73: 1001-1009. 

16. Jiang W, Sordella R, Chen GC, Hakre S, Roy AL, et al. (2005) An FF domain-

dependent protein interaction mediates a signaling pathway for growth factor-

induced gene expression. Mol Cell 17: 23-35. 

17. Smith MJ, Kulkarni S, Pawson T (2004) FF domains of CA150 bind transcription 

and splicing factors through multiple weak interactions. Mol Cell Biol 24: 9274-

9285. 

18. Jemth P, Gianni S, Day R, Li B, Johnson CM, et al. (2004) Demonstration of a low-

energy on-pathway intermediate in a fast-folding protein by kinetics, protein 

engineering, and simulation. Proc Natl Acad Sci U S A 101: 6450-6455. 

19. Jemth P, Day R, Gianni S, Khan F, Allen M, et al. (2005) The structure of the major 

transition state for folding of an FF domain from experiment and simulation. J 

Mol Biol 350: 363-378. 

20. Jemth P, Johnson CM, Gianni S, Fersht AR (2008) Demonstration by burst-phase 

analysis of a robust folding intermediate in the FF domain. Protein Eng Des Sel 

21: 207-214. 

21. Korzhnev DM, Religa TL, Lundstrom P, Fersht AR, Kay LE (2007) The folding 

pathway of an FF domain: characterization of an on-pathway intermediate state 

under folding conditions by (15)N, (13)C(alpha) and (13)C-methyl relaxation 

dispersion and (1)H/(2)H-exchange NMR spectroscopy. J Mol Biol 372: 497-

512. 



22. Korzhnev DM, Religa TL, Banachewicz W, Fersht AR, Kay LE A transient and 

low-populated protein-folding intermediate at atomic resolution. Science 329: 

1312-1316. 

23. Korzhnev DM, Religa TL, Kay LE Transiently populated intermediate functions as 

a branching point of the FF domain folding pathway. Proc Natl Acad Sci U S A. 

24. Korzhnev DM, Vernon RM, Religa TL, Hansen AL, Baker D, et al. Nonnative 

interactions in the FF domain folding pathway from an atomic resolution 

structure of a sparsely populated intermediate: an NMR relaxation dispersion 

study. J Am Chem Soc 133: 10974-10982. 

25. Barette J, Velyvis A, Religa TL, Korzhnev DM, Kay LE Cross-Validation of the 

Structure of a Transiently Formed and Low Populated FF Domain Folding 

Intermediate Determined by Relaxation Dispersion NMR and CS-Rosetta. J 

Phys Chem B 116: 6637-6644. 

26. Skora L, Becker S, Zweckstetter M (2010) Molten globule precursor states are 

conformationally correlated to amyloid fibrils of human beta-2-microglobulin. 

Journal of the American Chemical Society 132: 9223-9225. 

27. Ventura S, Zurdo J, Narayanan S, Parreno M, Mangues R, et al. (2004) Short amino 

acid stretches can mediate amyloid formation in globular proteins: the Src 

homology 3 (SH3) case. Proc Natl Acad Sci U S A 101: 7258-7263. 

28. Ventura S (2005) Sequence determinants of protein aggregation: tools to increase 

protein solubility. Microb Cell Fact 4: 11. 

29. Belli M, Ramazzotti M, Chiti F Prediction of amyloid aggregation in vivo. EMBO 

Rep 12: 657-663. 

30. Castillo V, Grana-Montes R, Sabate R, Ventura S Prediction of the aggregation 

propensity of proteins from the primary sequence: aggregation properties of 

proteomes. Biotechnol J 6: 674-685. 

31. Bierzynski A, Kim PS, Baldwin RL (1982) A salt bridge stabilizes the helix formed 

by isolated C-peptide of RNase A. Proc Natl Acad Sci U S A 79: 2470-2474. 

32. Shoemaker KR, Kim PS, Brems DN, Marqusee S, York EJ, et al. (1985) Nature of 

the charged-group effect on the stability of the C-peptide helix. Proc Natl Acad 

Sci U S A 82: 2349-2353. 

33. Hamada D, Kuroda Y, Tanaka T, Goto Y (1995) High helical propensity of the 

peptide fragments derived from beta-lactoglobulin, a predominantly beta-sheet 

protein. J Mol Biol 254: 737-746. 



34. Jasanoff A, Fersht AR (1994) Quantitative determination of helical propensities 

from trifluoroethanol titration curves. Biochemistry 33: 2129-2135. 

35. Albert JS, Hamilton AD (1995) Stabilization of helical domains in short peptides 

using hydrophobic interactions. Biochemistry 34: 984-990. 

36. Segawa S, Fukuno T, Fujiwara K, Noda Y (1991) Local structures in unfolded 

lysozyme and correlation with secondary structures in the native conformation: 

helix-forming or -breaking propensity of peptide segments. Biopolymers 31: 

497-509. 

37. Nerelius C, Sandegren A, Sargsyan H, Raunak R, Leijonmarck H, et al. (2009) 

Alpha-helix targeting reduces amyloid-beta peptide toxicity. Proceedings of the 

National Academy of Sciences of the United States of America 106: 9191-9196. 

38. Bartels T, Choi JG, Selkoe DJ (2011) alpha-Synuclein occurs physiologically as a 

helically folded tetramer that resists aggregation. Nature 477: 107-110. 

39. Khurana R, Gillespie JR, Talapatra A, Minert LJ, Ionescu-Zanetti C, et al. (2001) 

Partially folded intermediates as critical precursors of light chain amyloid fibrils 

and amorphous aggregates. Biochemistry 40: 3525-3535. 

40. Zurdo J, Guijarro JI, Jimenez JL, Saibil HR, Dobson CM (2001) Dependence on 

solution conditions of aggregation and amyloid formation by an SH3 domain. J 

Mol Biol 311: 325-340. 

41. Jemth P, Day R, Gianni S, Khan F, Allen M, et al. (2005) The structure of the major 

transition state for folding of an FF domain from experiment and simulation. 

Journal of Molecular Biology 350: 363-378. 

42. Korzhnev DM, Religa TL, Banachewicz W, Fersht AR, Kay LE (2010) A transient 

and low-populated protein-folding intermediate at atomic resolution. Science 

329: 1312-1316. 

43. Chiti F, Taddei N, Baroni F, Capanni C, Stefani M, et al. (2002) Kinetic partitioning 

of protein folding and aggregation. Nat Struct Biol 9: 137-143. 

44. Canet D, Last AM, Tito P, Sunde M, Spencer A, et al. (2002) Local cooperativity in 

the unfolding of an amyloidogenic variant of human lysozyme. Nat Struct Biol 

9: 308-315. 

45. Niraula TN, Haraoka K, Ando Y, Li H, Yamada H, et al. (2002) Decreased 

thermodynamic stability as a crucial factor for familial amyloidotic 

polyneuropathy. Journal of Molecular Biology 320: 333-342. 



46. Maurer-Stroh S, Debulpaep M, Kuemmerer N, Lopez de la Paz M, Martins IC, et al. 

(2010) Exploring the sequence determinants of amyloid structure using position-

specific scoring matrices. Nature Methods 7: 237-242. 

47. Conchillo-Sole O, de Groot NS, Aviles FX, Vendrell J, Daura X, et al. (2007) 

AGGRESCAN: a server for the prediction and evaluation of "hot spots" of 

aggregation in polypeptides. BMC Bioinformatics 8: 65. 

48. Bryan AW, Jr., Menke M, Cowen LJ, Lindquist SL, Berger B (2009) BETASCAN: 

probable beta-amyloids identified by pairwise probabilistic analysis. PLoS 

Computational Biology 5: e1000333. 

49. Garbuzynskiy SO, Lobanov MY, Galzitskaya OV (2010) FoldAmyloid: a method of 

prediction of amyloidogenic regions from protein sequence. Bioinformatics 26: 

326-332. 

50. Trovato A, Seno F, Tosatto SC (2007) The PASTA server for protein aggregation 

prediction. Protein Eng Des Sel 20: 521-523. 

 

 



Table 1. Thermal denaturation thermodynamic parameters of URN1-FF at 

different pHs 

 Tm
 (K) ΔHm (kcal mol-1) 

 CD1 Intrinsic 
fluorescence2 CD 

Intrinsic 
fluorescence  

pH 2.0 313.5±1.3 310.18±0.3 71.5±1.3 74.2±2.9 

pH 2.5 321.5±0.1 318.88±0.1 74.0±1.3 79.8±1.5 

pH 3.0 332.8±0.1 335.82±0.06 80.7±1.5 71.8±0.5 

pH 5.7 340.9±0.3 341.35±0.07 94.5±6.0 76.5±0.7 

1Changes in molar ellipticity were monitored at 222 nm. 
2Changes in intrinsic fluorescence were monitored at at 350 nm. 

 

Table 2. Thermodynamic characterization of URN1-FF at different pHs 

 ΔGf-u
1 (kcal mol-1) mf-u

2 (kcal mol-1 M-1) [U]1/2
3 (M) 

 CD4 Intrinsic 
fluorescence5 CD 

Intrinsic 
fluorescence 

CD 
Intrinsic 

fluorescence 
pH 2.0 0.36±0.04 0.051±0.08 0.83±0.04 0.43±0.13 0.43 0.19 

pH 2.5 1.39±0.13 1.16±0.3 0.98±0.15 0.74±0.5 1.42 1.57 

pH 3.0 2.23±0.27 1.77±0.6 1.13±0.07 0.77±0.1 1.97 2.29 

pH 5.7 5.33±0.25 5.94±0.18 0.79±0.04 0.88±0.03 6.75 6.75 

FBP116 3.62±0.03 3.60±0.02 1.18±0.001 1.14±0.001 3.05 3.16 

1Gibbs energy of unfolding with urea determined from the equilibrium parameters. 
2Dependence of the Gibbs energy of unfolding with urea 
3The urea concentration required to unfold 50% of the protein molecules. 
4Changes in molar ellipticity were monitored at 222 nm. 
5Changes in intrinsic fluorescence were monitored at at 350 nm. 
6The values of the FF domain of FBP11/HYPA were previously reported [18,19].  

 

Table 3. Kinetic parameters for URN1-FF at pH 5.7 

 
ΔGf-u

1
 

(kcal mol-1) 

mf-u
2

 

(kcal mol-1 

M-1) 

Cm
3 

(M) 
kf (s

-1) ku (s-1) 

mu 

(kcal mol-1 

M-1) 

mf 

(kcal mol-1 

M-1) 

298 K 5.57 0.781 7.13 2741±95 0.23±0.11 0.33±0.06 -0.99±0.02 

310 K 5.28 0.813 6.50 7022±221 1.33±0.06   

FBP114 3.64 1.16 3.14 2200±90 3.66±0.06 0.154±0.003 1.01±0.02 

1Gibbs energy of unfolding with urea determined from the kinetic parameters. 
2Dependence of the Gibbs energy of unfolding with urea. 
3The urea concentration required to unfold 50% of the protein molecules. 
4The values of the FF domain of FBP11/HYPA were previously reported [19].  

 

 



Table S1. Aggregation kinetics of URN1-FF at pH 2.5 

 Lag time (min) ke (min-1) 

Thioflavin-T 31 0.0077±0.0004 

Scattering 34 0.0102±0.0009 

 

 



FIGURE LEGENDS 

Figure 1. Structure of the URN1-FF domain. At the top, a ribbon representation 

showing the α-helices in different colors: α-helix 1 in red; α-helix 2 in green, helix 310 in 

magenta; and α-helix 3 in blue. At the bottom, side chains of Trp 27 and Trp 56 are 

represented in black and blue, respectively. The N- and C-termini are indicated. The 

Protein Data Bank accession code for the structure is 2JUC. This figure was prepared 

with PyMOL. 

 

Figure 2. pH dependence of URN1-FF conformational properties. Protein samples 

were prepared at 20 µM and were immediately measured by (a) far-UV CD, (b) 

tryptophan intrinsic fluorescence and (c) ANS fluorescence at 298 K. The fluorescence 

emission spectrum of ANS in the absence of protein is represented as a dotted line. 

Soluble URN1-FF species at pH 2.0 (squares), pH 2.5 (diamonds), pH 3.0 (circles), pH 

4.0 (crosses) and pH 5.7 (triangles). (d) One-dimensional NMR (1H-NMR) spectra of 

URN1-FF were recorded at 298 K and 600 MHz, using a protein concentration of 35 

μM. Two different spectra were collected, at pH 5.7 (above) and pH 2.5 (below). 

 

Figure 3. Thermal and chemical stabilities of URN1-FF at different pHs. Thermal 

stabilities were studied monitoring the changes by (a) far-UV CD at 222 nm and by (b) 

intrinsic fluorescence at 350 nm. Equilibrium urea unfolding curves at 310 K were 

followed by (c) far-UV CD at 222 nm and by (d) tryptophan intrinsic fluorescence at 

350 nm. Protein samples are represented at pH 2.0 by squares; pH 2.5, diamonds; pH 

3.0, circles; and pH 5.7, triangles. All the curves were fitted to a two-state model.  

 

Figure 4. Unfolding and refolding kinetics of URN1-FF. (a) The kinetics of 

unfolding and refolding for URN1-FF at pH 5.7 were followed by Trp intrinsic 

fluorescence. Stopped-flow experiments were performed at 298 K (circles) and 310 K 

(triangles). (b) Unfolding rates in 8 M urea at pH ranging from 3.5 to 6.5 were recorded 

at 310 K. The rate constants were measured under conditions of apparent two-state 

folding. 

 

 



Figure 5. Morphological, structural and tinctorial properties of URN1-FF 

aggregates at different pHs. (a) Representative TEM images of URN1-FF aggregates 

at 140 μM under different pH conditions incubated at 310 K for one week. From left to 

right: pH 2.0, pH 2.5, pH 3.0 and pH 5.7. (b) Fluorescence emission spectra of 

thioflavin-T (25 µM) in the absence (dotted line) and in the presence of 10 µM of 

protein aggregates formed as in (a). (c) Absorption spectra of Congo Red (16 µM) in the 

absence (dotted line) and in the presence of 17 µM of URN1-FF aggregates formed as 

in (a). The inset shows the difference spectra obtained by subtracting CR-phosphate 

buffer spectrum from protein in CR-phosphate buffer spectrum. (d) Far-UV CD spectra 

of native URN1-FF (dotted line) and aggregates, using a final concentration of 20 μM. 

(e) Fluorescence emission spectra of ANS (25 µM) collected in the absence (dotted line) 

and in the presence of protein aggregates (10 µM) formed as in (a). In all the cases, 

protein aggregates at pH 2.0 are represented as squares; pH 2.5, diamonds; pH 3.0, 

circles; and pH 5.7, triangles. 

 

Figure 6. URN1-FF aggregation kinetics at pH 2.5. Change of (a) ThT fluorescence 

(25 μM) and (b) light scattering at 350 nm during aggregation of URN1-FF at 140 μM, 

pH 2.5 and 310 K. The insets show some kinetic plots on an expanded time scale. 

 

Figure 7. Prediction of aggregation-prone regions in URN1-FF and peptide design. 

(a) Aggregation profiles were predicted using Waltz, FOLDAMYLOID and Aggrescan 

algorithms, from top to bottom. (b) At the top, ribbon diagram of the URN1-FF domain 

showing the designed peptides in different colours: Nt peptide in black, H1 peptide in 

red, H2 peptide in green, 310 peptide in orange and H3 peptide in blue. At the bottom, 

amino acid sequences corresponding to each peptide. The residues involved in the 

formation of α-helices in the native structure are shown in bold.  

 

Figure 8. α-helical structure of synthetic URN1-FF peptides. Synthetic peptides 

were prepared at 100 µM and pH 2.5. Their far-UV CD spectra were recorded at 298 K 

in the absence (black) and in the presence of different percentages (v/v) of TFE: 5% 

(v/v) (blue); 10% (v/v) (orange); 15% (v/v) (green); 20% (v/v) (red); and 25% (v/v) 

(yellow). (a) Nt, (b) H1, (c) H2, (d) 310 and (e) H3 peptides. (f) Plot of the molar 

ellipticity at 222 nm versus the TFE concentration for all the synthetic peptides: Nt 

(green); H1 (black); H2 (blue); 310 (orange) and H3 (red) peptides. Each value 



represents the difference between the molar ellipticity at different concentrations of TFE 

and the molar ellipticity in the absence of TFE.   

 

Figure 9. Aggregation properties of synthetic URN1-FF peptides. URN1-FF 

peptides were prepared at 1500 μM for the Nt peptide and 600 μM for the rest of the 

peptides, pH 2.5, 310 K in the absence and in the presence of TFE. Protein samples 

incubated for one week were diluted to a final concentration of 100 μM and their far-

UV CD spectra (solid lines) were compared with those of peptides under non-

aggregating conditions (dashed lines). (a) Nt, (b) H1, (c) H2, (d) 310 and (e) H3 peptides 

in 0% (black), 15% (green) and 25% (red) (v/v) TFE. (f) Fluorescence emission spectra 

of ThT (25 μM) in the absence (black dashed lines) and in the presence of 40 μM 

aggregated H1 (red) and H3 (blue) peptides. In the inset, we show aggregated Nt 

(green), H2 (orange) and 310 (grey) peptides. In all cases, samples in the absence of TFE 

are represented as solid lines, and samples with 25% (v/v) TFE are indicated as dashed 

lines. TEM images of synthetic peptides are shown in the absence of TFE: (g) Nt, (h) 

H1, (i) H2, (j) 310 and (k) H3. The insets show the aggregated peptides in the presence 

of 25% (v/v) TFE. 

 

Figure 10. Limited proteolysis of URN1-FF at low pH. Pepsin digestion was carried 

out at 310 K in 50 mM glycine, pH 2.5, and 35 μM URN1-FF, using an E/S ratio of 

1:200 (by weight). (a) Time course proteolysis monitored by Tricine-SDS/12% (w/v) 

PAGE gel with Comassie blue staining. The star indicates aprotinin (6.5 kDa). (b) 

MALDI-TOFF MS before 0.5 min and 5 min after pepsin digestion. The peptides 

observed with a statistically significant change in abundance are denoted with their 

molecular weight. The star indicates a 3560 Da peak, corresponding to half URN1-FF 

mass. (c) Amino acid sequence of URN1-FF domain. The arrows indicate the pepsin 

cleavages inside the H1 (residue 16) and H3 (residue 52) segments. Residues forming α-

helices are shown in bold. Secondary structure elements are represented above and 

below the sequence. 
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SUPPLEMENTARY MATERIAL 

Figure S1. Evolution of the conformational properties of soluble URN1-FF species 

with time. Protein samples were prepared at low protein concentration (20 µM) and at 

pH ranging from 1.5 to 6.5. (a) Total tryptophan intrinsic fluorescence was measured 

after 1.5 h (triangles), 6 h (squares) and 24 h (circles) of sample preparation. (b) Far-UV 

CD signals at 230 nm (empty symbols) and 215 nm (filled symbols) were recorded after 

3 h (triangles) and 24 h (circles) of protein dissolution. (c) Light scattering was followed 

at 350 nm after 3 h (triangles) and 24 h (circles) of protein preparation.  

 

Figure S2. Conformational properties of URN1-FF aggregates at pH 4.0. (a) 

Representative TEM image of URN1-FF aggregate at 140 μM, pH 4.0 incubated at 310 

K for one week. (b) Fluorescence emission spectra of ANS (25 µM) collected in the 

absence (dotted line) and presence of 10 µM of protein aggregates (crosses). 
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