Hipotese termodinamica de Anfinsen

Christian Anfinsen (1916 — 1995, Estados Unidos)

Prémio Nobel de Quimica em 1972 (em conjunto com Stanford Moore e William Stein)

A informacao que determina a estrutura terciaria de proteinas reside na quimica da sua sequéncia de
aminoacidos

Descoberta de uma enzima microsomal que cataliza a troca de ligacdes disulfeto, acelerando a reacao de
enovelamento de proteinas desnaturadas que contém pontes disulfeto

Investigou uma nuclease extracelular de Staphylococcus aureus, determinou a sua sequéncia de aminoacidos e
descreveu as caracteristicas cinéticas, fisicas e imunologicas em colaboracao com cristalégrafos que resolveram a
estrutura cristalografica da enzima

“The genetic information of an organism is stored in DNA molecules which, via RNA molecules, are converted
during the formation of proteins. Proteins consist of a long chain of amino acids that fold themselves in a special
way. The chemical processes inside cells are controlled by a type of protein called enzymes. Christian Anfinsen
studied the enzyme ribonuclease, which divides RNA into smaller components. In 1961, Anfinsen proved that the
sequence of amino acids, in itself, determines the way the chain folds itself and that no additional genetic
information is required in this process.”

MLA style: Christian Anfinsen — Facts. NobelPrize.org. Nobel Prize Outreach AB 2023. Wed. 26 Apr 2023.
<https://www.nobelprize.org/prizes/chemistry/1972/anfinsen/facts/>
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Figure 92
Ilustration, Irving Geis. Image from the Irving Geis Collection, Howard Hughes Medical Institute. Reprinted with permission.

“Scrambled” RNAse A pode ser renaturada removendo-se uréia na
presencga de tragos de BME o que indica que o estado nativo €
termodinamicamente mais estavel



® A hipotese termodinamica de Anfinsen

A sequéncia de aminoacidos determina a estrutura tridimensional

The studies on the renaturation of
fully denatured ribonuclease required
many supporting investigations (6-8)
to establish, finally, the generality which
we have occasionally called (9) the
“thermodynamic hypothesis.”” This hy-
othesis states that the three-dimen-)
sional structure of a native protein in
its normal physiological milieu (solvent,
pH, ionic strength, presence of other
components such as metal ions or pros-
thetic groups, temperature, and other)
is the one in which the Gibbs free
energy of the whole system is lowest;
that is, that the native conformation is
determined by the totality of inter-
atomic interactions and hence by the
amino acid sequence, in a given environ-

\ment. In terms of natural selection /

Anfinsen (1973), Science, 181, 223-230
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Fig. 2. Schematic representation of the
reductive denaturation, in 8M urea solu-
tion containing 2-mercaptoethanol, of a
disulfide—cross-linked protein. The con-
version of the extended, denatured form
to a randomly cross-linked, “scrambled”
set of isomers is depicted at the lower
right.
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Fig. 9. Changes in reduced viscosity and
molar ellipticity at 220 nm during the
acid-induced transition from native to
denatured nuclease. [] and #, Reduced
viscosity; A and A, molar ellipticity at
220 nm; [] and A, measurements made
during the addition of acid; M and A,
measurements made during the addition of
base (44).

Anfinsen C. (1973) Science 181: 223-230



® Como medir a constante de equilibrio de
enovelamento/desenovelamento?
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Fraction Unfolded

® Como medir a constante de equilibrio de
enovelamento/desenovelamento!?
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Pace et al.: http://dasher.wustl.edu/bio5357/reading/pace-review-97.pdf (Acessado em 25/04/2013)



Termodinamica de enovelamento de proteinas

Proteina AGO (kcal/mol) AHO (kcal/mol) | TASO? (kcal/mol)
Cl2 -6.62 -32.26 -25.64
EglinC -8.82 -27.48 -18.66
RNAse T1 -8.96 -67.16 -58.22
Citocromo ¢ -8.87 -21.27 -12.40
Barnase -11.69 -73.37 -61.71

Fonte: Lesk, A. Introduction to protein science. Oxford University Press, 2a edi¢cdo, p. 352 (2010)



Efeito hidrofdobico

Propriedades termodindmicas de transferéncia de hidrocarbonetos

para a dgua,

baseado nas solubilidades a 298K

AGO (kd/mol) | AH° (kJ/mol) | AS? (kJ/Kmol)
benzeno 19,33 2,08 -57.,8
pentano 28,62 -2 -102,7
hexano 32,54 0 -109,1
ciclohexano 28,13 -0,1 -94,7

Dill, K. et al. Molecular Driving Forces, Garland Science, 1. ed., 2003, Madison (pag. 579)

AG = AH -TAS

hidrofilico: dissolve em dgua
hidrofdébico: ndo dissolve em dgua



Moléculas de agua mantém a rede de ligacoes de
hidrogénio ao redor do soluto hidrofobico

Ganho de entropia do Perda de entropia do
solvente solvente



Landscape theory of protein folding

Uma proteina supera o paradoxo de Levinthal ao “descer’” uma superficie de energia
livre multidimensional: folding funnel

Golf funnel: situacdo mencionada
por Levinthal

Folding funnel



Proteinas enovelam-se rapidamente

Numero de Tempo que demora o

Proteina N
aminoacidos enovelamento (us)

Dominio de ligacéo a

Albumina 47 1

a3D 73 3
Tryptophan cage 20 4,1
Villin headpiece 36 43

subdomain

Fonte: Arthur Lesk, Introduction to Protein Science, Oxford University Press, 2a edigao (2010)
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Colapso hidrofébico e formagao de hélices
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Figure 6-41 Fundamentals of Biochemistry, 2/e
© 2006 John Wiley & Sons



® Como proteinas enovelam-se in vivo!

Enquanto que a maior parte dos principios discutidos aplicam-se ao enovelamento in-
vivo, dentro das células o enovelamento € mais complicado devido a:

- Proteinas s&o sintetizadas a uma velocidade (4-20aa/segundo)
muito mais lentamente do que velocidades de enovelamento

tipicas (~ < 19)

- Superpopulacao de particulas dentro da célula (densidade de
E. coli~ 340 mg/ml de proteina) aumenta a chance de
superficies hidrofobicas expostas interagirem com outras

moléculas

In-vivo, o enovelamento de proteinas € auxiliado por Chaperonas: um conjunto de
proteinas auxiliares que ajudam outras proteinas a enovelarem-se corretamente

-protein disulfide isomerases - catalizam a troca de pontes SS
-peptidyl-prolyl isomerases - aceleram a isomerizacao cis-trans de prolinas

-Hsp (Heat Shock Proteins) - ligam-se a superficies hidrofébicas

Muitas chaperonas sao ATPases



Chaperones: GroEL/GroES
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Fonte: Arthur Lesk, Introduction to Protein Science,
Oxford University Press, 2a edicao (2010) e
Voet&Voet 4a edicao
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Fonte: Arthur Lesk, Introduction to Protein Science, Oxford University Press, 2a edi¢cédo (2010)



Gly192

Figure 9-22a
Courtesy of Arthur Horwich, Yale University

Figure 9-22b
Cowrtesy of Arthur Horwich, Yale University

Fonte: Voet&Voet 4a edicéo
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GroEL liga-se a superficies hidrofébicas com muito maior afinidade do que GroEL-GroES-ATP

Annealing mechanism: ao ligar superficies hidrofébicas GroEL impede a agregacao de
intermediarios nao produtivos de enovelamento, permitindo que estes intermediarios
desenovelem-se e reenovelem-se formando um intermediario produtivo



1977: McCammon, Gelin, e Karplus "Dynamics of folded
proteins”
Nature (1977) 267 585-590

“The dynamics of a folded globular protein (BPTI) have been
studied by solving the equations of motion for the atoms with
an empirical potential energy function. The results provide the
magnitude, correlations, and decay of fluctuations about the
average structure. These suggest that the protein interior is
fluid-like in that the local atom motions have a diffusional
character”

Dindmica molecular de BPTT por 8.8 ps



1978: Wiithrich e Wagner "Internal motion in globular

proteins”

Internal motion
in globular proteins

Kurt Wiithrich and Gerhard Wagner

High resolution nuclear magnetic resonance provides insight into the dynamic ensembles
which constitute the conformations of globular proteins in solution.
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"Flipping” de anéis aromaticos

| 2 3
H-Co-CPH, @4
6 5

Wiithrich e Wagner (1975)



Medidas da cinética de troca H/D (HDX) em proteinas

OH /OH O

//
—-é +H,0" == —c/ +H,0 ——C +H*H,0" ——C + "ot
\ \+ \\ \
NH*— NH*— N— NH— (4)
Hvidt e Nielsen (1966)
kOP Kint
NHincompetente -— NHcompetente > ND
kcl

EX].- kobs - kop
EX2: Kobs = Kint (kop/kcl)
AGOP — ’RT ln(kop/kcl) - - RT ln(kobs/kinf)



Boelens, Gros, Scheek, Verpoorte e Kaptein: "Hydrogen exchange
of individual amide protons in the E. coli lac repressor DNA
binding domain”

J Biomol Struct Dyn (1985) 3:269-80
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Kalodimos et al. (2002) Nature Structural & Molecular Biology 9:193




Qual é o mecanismo das flutuagdes conformacionais que
levam a troca?

Protein dynamics investigated by the neutron
diffraction-hydrogen exchange technique

A. A. Kossiakoff

Departmen t of Biology, Brookhaven National Laboratory, Upten, New York 11973, USA

Nature 296: 713 (1982)

-Demanda um reator nuclear
(fonte de neutrons)

-Um cristal de tripsina foi
mergulhado em D20

-lanoapH7e 20 °C

-Mecanismo de troca envolve
flutuagoes locais, quebra de
ligagoes de H




Os NHs mais enterrados trocam por um mecanismo de
desenovelamento global
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"Conformational energy landscape”
Frauenfelder, Sligar, e Wolynes (1991) The energy landscapes and motions of proteins
Science (1991) 254 1598-603
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Dindamica: Proteinas visitam diferentes conformacdes em torno da conformagdo média de acordo com a
energia térmica. Todas as possiveis conformagdes de uma proteina sdo populadas de acordo com a sua
energia em relagdo a kT



Lei de distribuicao de Boltzmann

E;
exp (~ 1)
Pi = 7
N . Ei
=3 en(-8)
£ kT
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ou AE pequeno

Niveis de energia



Free energy, G

Conformational coordinate

Henzler-Wildman, K. and Kern, D. (2007) Nature 450: 964-972



Simulacdes computacionais de
sistemas quimicos




Multiplos tipos de movimento

* Bond vibration (fs)

* Loop motions (ns - ps)

* CH3 motion (ps - ns)

* Aromatic ring flipping (ps - ms)

 Domain motions (us - ms)

Withrich, K. (2003) Angew. Chem. Int. Ed. 42: 3340-3363.
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Intrinsically Disordered Proteins (IDPs) e Intrinsically
Disordered Regions (IDRs) apresentam diferentes graus de
desordem

molten-globule random coil

entropy

Intrinsically disordered proteins: modes of binding with emphasis on disordered domains, Volume: 11, Issue: 10, DOI: (10.1098/rsob.210222)
van der Lee et al. (2014) Chemical Reviews doi: dx.doi.org/10.1021/cr400525m



http://dx.doi.org/10.1021/cr400525m

Diferentes classes de IDPs/IDRs

* Molecular recognition features (MoRFs)

Sitios de 10 - 70 aminodcidos que adquirem estrutura ao se ligar a outra proteina (a-MoRF, B-MoRF,
i-MorF). Exemplos: p53 contém mdltiplos MoRFs, o dominio C-terminal da RNAse E, regides bdsicas
de zippers de leucina, etc

e Short linear motifs (SLiMs)

Sitios de modificagdo pds-traducional, sitios de protedlise, sitio de fosfotirosina para
reconhecimento de SH2, motivos PxxP de interagdo com SH3, sinal de localiza¢do nuclear (NLS), etc
* low complexity regions (LCRs)

Regides com baixa complexidade de sequéncia, isto €, muitas repetigdes de alguns aminodcidos.
Exemplo: poliglutamina.



IDPs frequentemente se enovelam ao interagir
com outras proteinas

IDPs/IDRs se enovelam antes ou apods a ligacao?
Voet&Voet 4a edigdo pag. 283 S/ > P ga¢



IPDs podem eventualmente formar condensados por separagdo
de fase liquido-liquido...

s . e
Membrane
clusters Q SO
PcGbody
Signalling V4 ’Gem 4 A
puncta dgaraspeckle W\
1/ COIPT : Cajal \\ \
? [ N body |
P body Q d DfNA‘ ( Perinucleolar ‘
,@Synaptic bOdY R o icleolu compartment\
\) densities Nucleus j
RNA QStress \ \ ?Cleavage g
O/ transport granule body
granule & Nuclear th;l(l)s;one locus Y/
-~ speckles y
@) O-PML
body ﬁNuclear

’\ — YC— pore.complex
Germ ,

granule



(A) (B) Cajal body
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Li et al. (2022) TIBS. https://doi.org/10.1016/}.tim.2022.06.005



