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Estrutura primaria € a sequéncia de aminoacidos da
proteina:
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Pauling e Corey analisaram dados de difracao de
raios-X de peptideos para propor modelos
conformacionais para o esqueleto polipeptidico

Vou. 37, 1951 CHEMISTRY: PAULING AND COREY 251

THE PLEATED SHEET, A NEW LAYER CONFIGURATION OF
POLYPEPTIDE CHAINS

By LiNus PAULING AND ROBERT B. COREY

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF TECH-
NOLOGY, PASADENA, CALIFORNIA

Communicated March 31, 1951

THE STRUCTURE OF PROTEINS: TWO HYDROGEN-BONDED
HELICAL CONFIGURATIONS OF THE POLYPEPTIDE CHAIN

By LiNus PAuLING, ROBERT B. Corey, AND H. R. BRANSON*

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA {

Communicated February 28, 1951

Robert Corey, 1897-1971



A ligacao peptidica € rigida
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A ligacao peptidica sempre assume conformacao trans
(w=180"). Prolinas podem, eventualmente, assumir
conformacao cis (w =0")
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Grafico de Ramachandran: nem todas as combinacoes de
® e P sao permitidas

Stereochemistry of polypeptide chain configurations (1963)
J. Mol. Biol. 7, 95-99



Estruturas secundarias possuem valores ¢ e Y muito
bem definidos
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Glicina permite conformacoes pouco usuais
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A conformacao do esqueleto polipeptidico € descrita
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Nem todas as conformacoes das cadeias laterais sao
igualmente provaveis

(a) not staggered staggered

Branden & Tooze , 2a edi¢céo
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Ligacoes de hidrogénio entre HNi.4) € CO(j estabilizam a hélice
Os primeiros 4 e os ultimos 4 amino acidos nao formam ligacoes de
hidrogéenio (“helix fraying”)



Alguns aminoacidos estabilizam héelices, enquanto que
outros destabilizam

TABLE 4-1

Amino AAG° Amino AAG°
acid (kJ/mol)* acid (kJ/mol)*
Ala 0 Leu 0.79
Arg 0.3 Lys 0.63
Asn 3 Met 0.88
Asp 2.5 Phe 2.0
Cys 3 Pro E
Gin 1.3 Ser 2.2
Glu 1.4 Thr 2.4
Gly D Tyr 2.0
His 2.6 Trp 2.0
lle 1.4 Val 2.1

Sources: Data (except proline) from Bryson, J.W., Betz, S.F., Lu, H.S., Suich, D.J., Zhou, H.X., O'Neil, K.T., &
DeGrado, W.F.(1995) Protein design: a hierarchic approach. Science 270, 935. Proline data from Myers,
J.K., Pace, C.N., & Scholtz, J.M. (1997) Helix propensities are identical in proteins and peptides. Biochem-
istry 36,10,926.

*AAG° is the difference in free-energy change, relative to that for alanine, required for the amino acid
residue to take up the a-helical conformation.Larger numbers reflect greater difficulty taking up the a-
helical structure. Data are a composite derived from multiple experiments and experimental systems.
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Torsion angles for regular polypeptide conformations
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Representacao esquematica de estrutura secundaria
Computer-Generated Schematic Diagrams of Protein Structures

Abstract. Computer-generated pictures are essential for studying and comparing
the structures of proteins that have been solved by x-ray crystallography. Stereo-

scopic pairs produced by a computer program are particularly useful in providing an
intelligible portrayal of the molecular topology.

ARTHUR M. LEsk*
Fairleigh Dickinson University,
Teaneck, New Jersey 07666
KARL D. HARDMANT
Thomas J. Watson Research Center,
IBM Corporation, P.O. Box 218,
Yorktown Heights, New York 10598

SCIENCE, VOL. 216, 30 APRIL 1982

Arthur Lesk




Estrutura de proteinas - Prof. Bayardo Torres

http://www.ig.usp.br/bayardo/softwares/proteina/basic/cap1/maini.html
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Visualizacao de uma alfa-helice

hitp://www.ig.usp.br/roberto/aulas_2014/gbg4010/pratica/pratica_validacao.html
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Motivos



B-hairpin

Hairpin loop Hairpin loop
Type 1 Type 11
(a) b
37 (b)
28 -
24 -
strand 1 strand 2
20 -
Number
of loop el J
regions B strand 1
|
8 =] \“ lwmtﬂlllf 3 ,‘: B Strand 1 .t. ) im"’”!hm
4 i - \w
r L3 "'ﬁi“-‘imr,,u - . lllt!umm”” -

- :
0 4 8 b af g 20 & 24

Number of residues in loop region

Branden&Tooze, 2a edicéo



Helix-loop-helix Ca2+-binding motif

Branden&Tooze, 2a edicéo



Helix-loop-helix Ca2+-binding motif in calmodulin
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a-B-a motif
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Branden&Tooze, 2a edicéo



Dominios sao formados a partir da combinacao de
motivos estruturais

\ N
SASY

Triose-fosfato-isomerase (TIM) Imunoglobulina

Branden&Tooze, 2a edicao



Estrutura quaternaria

Figure 8-64
© John Wiley & Sons, Inc. All rights reserved.



Em geral, um grau de identidade maior que 30 % indica
estrutura similar

30

Root mean square deviation /A
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Percent residue identity

Clothia and Lesk (1986) EMBQO J. 5: 823



Estabilidade



® A hipotese termodinamica de Anfinsen

A sequéencia 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-

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-

Anfinsen (1973), Science, 181, 223-230

othesis states that the three-dimen- )

unent. In terms of natural selection /

in vitro

N
~

Unfolding

(Urea + mercaptoethanol)

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.



Interacoes que estabilizam a estrutura 3D

Nao covalentes

InteracOes de ven der Waals
InteracOes eletrostaticas
LigacOes de hidrogénio

Covalente
Ligacéao disulfeto

Proteinas enovelam-se em consequéncia do efeito
hidrofobico



Ligacoes de disulfeto

C= NH
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Figure 4-5
© John Wiley & Sons, Inc. All rights reserved.



InteracOes de van der Waals

Uiondon(r) = -14.54x10-21 J para duas moléculas de HCI (r=3 ,&) a 300K
Udipolo—dipolo(r) = -2.5x1021 J

Udipolo—dipoloinduzido(r) =-0.77x1021 J
kel = 4.1x1021 J a 300K

C6 — Ulondon + Udipolo—dipolo + Udipolo—dipolo induzido (moléculas polares)

Cs = Uiondon (moléculas apolares)

C C 3 Bt
U r) = 12 6
() A 2.0 -
i - 12 o 6 E 1.0 —
Ulr)=4¢|| — —| — = l
Rt A I o I E— e
- f T ] “1.0F v U(r)=0 quando r/o=1
repulsao | | i
atracao 0.0 1.0 2.0 3.0

r/ o



Ligacoes de hidrogeéenio

O- O+ O- o
D — A Energia de ligacOes covalentes
dOador aceptor Ligacao u (kcal/mol)
O- O+
D——H . O- H—C 80.6
doador A
aceptor c—C 98.3
Carater de ligacéo é 90%

eletrostatico e 10% covalente

Ligacao de hidrogénio:

’; Interagao Energia (kcal/mol)
: /L : Agua/Agua 5.5
Dipolo-dipolo 0.5
dipolo-dipolo induzido 0.012

Dill, K. et al. Molecular Driving Forces, Garland Science, 12. ed., 2003, Madison

Como as ligacdes de hidrogénio sdo muito mais fracas do que ligacdes
covalentes o tempo de vida das ligacoes de hidrogénio € muito curto



Energias envolvidas na formacao de interacoes
nao covalentes vs. covalentes

u(r) = ((:Onstan t)r"p

Diferentes tipos de energia u(r) Energia de ligacOes covalentes
: Dependéncia .
Tipo u (kcal/mol) J Ligacao u (kcal/mol)
ibnica 66 1/r H—C 80.6
ion/dipolo 4 1/r2 C—-C 98.3
dipolo/dipolo . e Ponte de hidrogénio:
dipolo/dipolo 0.012 1/r6 Agua/Agua 5.5 kcal/mol
induzido

Dill, K. et al. Molecular Driving Forces, Garland Science, 12. ed., 2003, Madison



A estabilidade da proteina ¢ da mesma ordem de grandeza
que 4-5 ligacoes de hidrogeéenio

Termodinamica de enovelamento de proteinas

Proteina AGO (kcal/mol) | AH9 (kcal/mol) | TAS® (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, 22 edicao, p. 352 (2010)



Ubiquitina

B Apolares (AL,IVP,F)
B Carregados (D,ER,K)



Interacoes eletrostaticas
(longo alcance)

Energia electrostatica no vacuo:

M(r) _ C QIQ2
r

Energia electrostatica em um r
liquido de constante dielétrica D:

4,9,
u(r)=C
(7) .

Dill, K. et al. Molecular Driving Forces, Garland Science, 12. ed., 2003, Madison



Transferencia de uma esfera carregada da agua para um
meio apolar (n=0) consome muita energia

H.O (D~80)

Energia eletrostatica (considere carga “q” e raio “a”) Energias tipicas de interacoes nao

AG,, A IR =Cq2(l—i):+175 kd/mol covaler.‘teS:
“  2a\Duw D) 2a\2 80 Tipo u (kd/mol)
iGnica 276
ion/dipolo 16.7
dipolo/dipolo 2.09
dipolo/dipolo induzido 0.050




Moleculas de agua mantém a rede de ligacoes de
hidrogéenio ao redor do soluto hidrofobico

AH>0 .
AG = AH - TAS Custoentalpico para AS < 0 Perda de entropia

. . das moléculas de agua
criar uma cavidade

Efeito hidrofobico: enovelamento envolve a liberacao de moléeculas
de agua (ASagua > 0)



Estrutura da agua

Methane clathrate
Ultimate cluster formation




Efeito hidrofobico

Propriedades termodinamicas de transferéncia de hidrocarbonetos

para a dgua, baseado nas solubilidades a 298K

AG AH AS
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, 12. ed., 2003, Madison (pag. 579)

AG =AH-TAS

hidrofilico: dissolve em dgua
hidrofébico: ndo dissolve em dgua



Folding envolve o ganho de entropia do solvente




Cyrus Clothia quantificou o efeito hidrofobico

® Trp

Slope = 22 cal/A2
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Cyrus Clothia (1974) Nature 248:338



¢ Proteinas sao marginalmente estaveis

1. Estabilidade esta intimamente conectada com enovelamento, proteinas precisam ser
estaveis no estado enovelado (nativo)

2. Estado desnaturado (D) nao € necessariamente o mesmo que desenovelado (U)

3. AG = AH - TAS

4. A energia livre de enovelamento € a soma de termos entalpicos e entropicos, resultando
em um valor AG pequeno (tipicamente -5 a -15 kcal/mol), portanto proteinas sao
marginalmente estaveis

5. Durante o enovelamento, os ganhos entalpicos (pontes de hidrogénio, pontes salinas)
sao compensados por uma grande perda de entropia conformacional

6. Mas também existe um grande ganho de entropia do solvente (efeito hidrofobico)
7. Para uma proteina de 100aa:
+167 kcal/mol = perda de entropia conformacional

-95 kcal/mol = efeito hidrofdbico
-83 kcal/mol = efeitos entalpicos (p. exemplo: pontes de hidrogénio)

-11 kcal/mol



Fraction Unfolded

® Como medir a constante de equilibrio de
enovelamento/desenovelamento!?

AG = AG(H,0O) — m [denaturant]

7t Linear
5;\-\ — — - Binding
1"'\-‘._\ - Tantord
D 5\
O 4l
..E 4
ER|
X 2r
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4 o
1-
0 2 4 6 8 0 1 2 3 ¢ °
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Pace et al.: http://dasher.wustl.edu/bio5357/reading/pace-review-97.pdf (Acessado em 25/04/2013)



http://dasher.wustl.edu/bio5357/reading/pace-review-97.pdf

Proteinas de membrana



(a) (b) (c) (d)

N
Ne Integral periférica
L.
Table 12.1 Hydrophobicity scales
AN o N N I N OE O A cl 1SR B R HE Gl TASE Glu Lys Asp Arg
A 28 19 45 38 42 25 09 18 07 -04 -08" =I6 ~1:332 =35 35 35 30 J5k.45
B 34 a4t 3 SR8 26 V2N 19 6 b2 10 06 202 07 =30 ~41 =48 =82 =88 =992 123

Row A is from ]. Kyte and R.F. Doolittle; row B, from D.A. Engelman, T.A. Steitz, and A. Goldman.
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Branden & Tooze, 2a edicao



Proteinas periféricas estao mais fracamente associadas a
membrana 1

Amino
terminus

Carboxyl (Ginf

? delergents ' lipids .
terminus
131
_— Figure 11-7
B ran d en & Tooze y 2a Ed | gao Lehninger Principles of Biochemistry, Fifth Edition
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Membrane depth (A
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Whole-protein hydrophobicity scale determined from the OmpLA system.
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Porina



Energia de particao de cadeias laterais hidrofobicas na
bicamada lipidica

1

s Slope = 22 cal/A? o T
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A Non-polar ASA (A?) Cyrus Clothia (1974) Nature 248:338

Moon e Fleming (2011) PNAS 108: 10174

O efeito hidrofobico tambem contribui para a estabilidade de
proteinas de membrana



O custo energetico de particao de cadeias laterais depende da
profundidade na membrana
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Moon e Fleming (2011) PNAS 108: 10174



E dificil estudar proteinas de membrana

PDB Todas - 101245 estruturas
PDB TM - 2131 estruturas
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O ambiente importa

Estrutura do canal de H* M2 do virus influenza A
RMN em solucao com micelas de DHPC

. Amantadine

Schnell e Chou (2008) Nature 451: 591



Estrutura do canal de H* M2 do virus influenza A
RMN em estado solido e bicamadas orientadas

Sharma et al. (2010) Science 330: 509
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® A hipotese termodinamica de Anfinsen

A sequéencia 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-

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-

Anfinsen (1973), Science, 181, 223-230

othesis states that the three-dimen- )

unent. In terms of natural selection /

in vitro

N
~

Unfolding

(Urea + mercaptoethanol)

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.



Determinacao estrutural
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Estruturas de proteina depositadas no PDB e
classificadas de acordo com o metodo experimental
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Xray crystallography

protein
solution

’ known
glass plate—__~ /»’ distance

/

crystal
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primary
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diffmcted/ AN
beams

detector

precipitant

-Requires good quality crystals

-One needs to solve the
phase problem

-Quality of the data may be
examined by the resolution
(< 2.5 A) and the R-factor
(0.15 <R < 0.20)

Branden & Tooze, 2a edicéo






X-ray: fusao com anticorpos, lisozima, e introducao de mutacoes
para tornar a estrutura mais rigida

Transportador de dopamina Bacteriorodopsina

Landau E , and Rosenbusch J PNAS 1996;93:14532-14535



Cryo-Electron Microscopy
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Sirohi et al. (2016) Science DOI:10.1126/Science.aaf5316



NMR & Structural biology

Structure determination

* NMR enables the calculation of high-
resolution protein 3D structures in
solution

1. Unambiguous restraints

Intraresidual 535
Sequential 675
Medium range 239
Long range 767
Intermolecular 87

2. Talos dihedral angles 140

3. Consistent violations

Distances > 0.5 A 0

Torsion angles > 5° 0

4. RMS deviation from the lowest energy structure
All core residues (30-38, 163-252)

Backbone atoms (N,CA,CO) 0.58 + 0.06
Heavy atoms 1.64 +0.07
5. Ramachandran plot (30-38, 163-252)

Most favored region (%) 86.31 £ 2.51
Additionally allowed region (%) 12.36 +2.59
Generously allowed region (%) 1.32 £ 0.37
Disallowed region (%) 0.00

6. WHAT CHECK structure Z-scores

Ramachandran plot appearance -2.42 +0.26
2nd generation packing quality 0.25 +0.28
X1 - x2 rotamer normality -1.00 +0.35

Backbone conformation -4.23 +0.29



NMR & Structural biology
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NMR provides essential information on
protein dynamics

Proteins are not rigid, they consist of an ensemble of
conformations that interconvert at different time scales

Tier O

\./\

Free energy, G

PDB 2JVL Conformational coordinate

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



NMR & Structural biology
By N A M E S
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Unliganded Activated GK + Glucose + AMP-PNP

Larion et al. 2012




Motivation

Multiple kinds of motions are relevant for different
biological processes

Fast backbone motion (< ns) | |
* Folding/unfolding

Side chain motion (< ns)

q e Allosteric communication

Aromatic ring flipping (ps - ms)

* Ligand recognition

Inter-domain motion (us - ms) o
* Enzyme Kkinetics

Overall tumbling (ns)

If we want to understand how proteins perform their tasks, it is
important to understand the structure and the dynamics



Quanto maior for o campo magnetico externo, mais facil
sera para detectar o sinal de RMN da amostra

~ 500 ul

18.8 Tesla
w, ("H) 800 MHz



RMN detecta transicoes entre os estados do spin nuclear
com diferentes energias na presenca de um campo
magnetico estatico

Energia
A
EP 4
A )
EB - Ea = k:
= hyB = ho, @
S
> E
Ea o
> - w, (Hz)

Campo magnético (B)



Proton Chemical Shifts
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O problema do assinalamento

Strategy |:“Withrich's” approach (1980s)

* Homonuclear 2D experiments ('H — 'H)
v COSY /TOCSY - assign "spin systems" (residue-type)
v NOESY - determine neighbors

Strategy 2: Multidimensional approach
* (Addrtional) Heteronuclear 2D & 3D experiments

v Triple resonance - assign "spin systems" (residue-type)

V' Requires isotope labelling with >N and '3C (< 20 kDa) or ?H, >N and '3C
(20 - 50 kDa)

V' Use pairs of experiments to sequentially assign all resonances



distances

79
f—
<
2
o
LLJ
o




A precisao melhora conforme maior o
numero de restricoes

+hbonds +NOEs +RDCs
+dihedrals +dihedrals

Rule e Hitchens (2006) Fundamentals of Protein NMR Spectroscopy, Springer, pp. 401



