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O átomo de carbono é versátil, pode construir moléculas 
estruturalmente diversas

sp3

hibridização
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Ácido malêico e ácido fumárico possuem a mesma 
composição, mas diferentes estruturas

A ligação dupla impede rotação ao redor do eixo C-C
Configuração diferente Estereoisômeros



Moléculas com a mesma composição, mas com um centro 
quiral, também existem em configurações diferentes
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Moléculas podem assumir diferentes estruturas a partir de 
rotações ao redor de ligações simples: conformação
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Estrutura primária é a sequência de aminoácidos da 
proteína:

Polaridade: da extremidade NH3+-terminal à 
extremidade COO--terminal



Pauling e Corey analisaram dados de difração de 
raios-X de peptídeos para propor modelos 
conformacionais para o esqueleto polipeptídico 



A ligação peptídica é rígida

Obs.: Note o dipolo elétrico da ligação peptídica

…e planar

δ+

δ-



Ângulo diedral





A conformação do esqueleto polipeptídico é descrita 
por três ângulos: ϕ, ψ, e ω



Trans cis

A ligação peptídica sempre assume conformação trans 
(ω=180˚). Prolinas podem, eventualmente, assumir 

conformação cis (ω = 0˚)

95-70%

A lenta isomerização cis-trans das prolinas retarda o enovelamento de proteínas



Gráfico de Ramachandran: nem todas as combinações de 
ϕ e ψ são permitidas

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



Estruturas secundárias possuem valores ϕ e ψ muito 
bem definidos



Glicina permite conformações pouco usuais



Nem todas as conformações das cadeias laterais são 
igualmente prováveis

Branden & Tooze , 2a edição



α-hélice

Ligações de hidrogênio entre HN(i+4) e CO(i) estabilizam a hélice
Os primeiros 4 e os últimos 4 amino ácidos não formam ligações de 

hidrogênio (“helix fraying”)

δ+

δ-

5.4 Å

“amphipathic”



Alguns aminoácidos estabilizam hélices, enquanto que 
outros destabilizam



Folha-β antiparalela e paralela



Dobras-β



Torsion angles for regular polypeptide conformations

Estrutura Φ ψ

Hypothetically fully 
extended +180˚ +180˚

Antiparallel β-sheet -139˚ +135˚

Parallel β-sheet -119˚ +113˚

Right-handed α-helix -57˚ -47˚

Left-handed α-helix +60˚ +60˚

310 helix -49˚ -26˚



Representação esquemática de estrutura secundária

Arthur Lesk



http://www.iq.usp.br/roberto/aulas_2014/qbq4010/pratica/pratica_validacao.html

Visualização de uma alfa-hélice

http://www.iq.usp.br/roberto/aulas_2014/qbq4010/pratica/pratica_validacao.html


Motivos



β-hairpin

Branden&Tooze, 2a edição



Helix-loop-helix Ca2+-binding motif

Branden&Tooze, 2a edição



Helix-loop-helix Ca2+-binding motif in calmodulin

Branden&Tooze, 2a edição



α-β-α motif

Branden&Tooze, 2a edição



Domínios são formados a partir da combinação de 
motivos estruturais

Triose-fosfato-isomerase (TIM) Imunoglobulina
Branden&Tooze, 2a edição
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Homologous proteins have regions which retain the same gen-
eral fold and regions where the folds differ. For pairs of
distantly related proteins (residue identity --20%), the regions
with the same fold may comprise less than half of each mol-
ecule. The regions with the same general fold differ in struc-
ture by amounts that increase as the amino acid sequences
diverge. The root mean square deviation in the positions of
the main chain atoms, A, is related to the fraction of mutated
residues, H, by the expression: A(A) = 0.40 el87H.
Key words: evolution/protein homology/model building

Introduction
The comparative analysis of the structures of related proteins can
reveal the effects of the amino acid sequence changes that have
occurred during evolution (Perutz et al., 1965). Previous work
on individual protein families has shown that mutations, insertions
and deletions produce changes in three-dimensional structure
(Almassy and Dickerson, 1978; Lesk and Chothia, 1980, 1982,
1986; Greer, 1981; Chothia and Lesk, 1982, 1984; Read et al.,
1984). Here we report a systematic comparison of structures from
eight different protein families. This shows that the extent of the
structural changes is directly related to the extent of the sequence
changes.

In the work reported here we used the atomic coordinates of
25 proteins (Table I). All these structures have been determined
at high resolution (1.4-2.OA) and refined. The errors in their
co-ordinates are 0.15-0.20A (see references given in Table I).
The 25 proteins represent eight different protein families and pro-
vide 32 pairs of homologous structures.

Methods and Results
The conserved structural cores and the variable regions ofhom-
ologous proteins
The structures of homologous proteins can be divided into those
regions in which the general fold of the polypeptide chains is
very similar and those where it is quite different. In comparing
protein structures it is useful to separate the parts that have similar
folds from those where the folds differ. We did this using the
following quantitative procedure: (i) the main-chain atoms of
major elements of secondary structure - helices or two adjacent
strands of 3-sheet - were individually superposed; and (ii) each
superposition was then extended to include additional atoms at
both ends. The extension was continued as long as the deviations
in the positions of the atoms in the last residue included were
no greater than 3 A. This procedure defined the segments that

© IRL Press Limited, Oxford, England
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Fig. 1. Size of common cores as a function of protein homology. If two
proteins of length n1 and n2 have c residues in the common core, the
fractions of each sequence in the common core are c/n1 and c/n2. We plot
these values, connected by a bar,- against the residue identity of the core
(see Table II).
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Fig. 2. The relation of residue identity and the r.m.s. deviation of the
backbone atoms of the common cores of 32 pairs of homologous proteins
(see Table I).
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Clothia and Lesk (1986) EMBO J. 5: 823 

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



Estabilidade



• A hipótese termodinâmica de Anfinsen

A sequência de aminoácidos determina a estrutura tridimensional

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



Interações que estabilizam a estrutura 3D

Interações de ven der Waals

Interações eletrostáticas

Ligações de hidrogênio

Não covalentes

Covalente
Ligação disulfeto

Proteínas enovelam-se em consequência do efeito 
hidrofóbico



Ligações de disulfeto



Interações de van der Waals
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repulsão
atração

Ulondon(r) = -14.54x10-21 J para duas moléculas de HCl (r=3 Å) a 300K

Udipolo-dipoloinduzido(r) = -0.77x10-21 J
Udipolo-dipolo(r) = -2.5x10-21 J

kBT = 4.1x10-21 J a 300K

C6 = Ulondon + Udipolo-dipolo + Udipolo-dipolo induzido

C6 = Ulondon

(moléculas polares)

(moléculas apolares)



Ligações de hidrogênio

Como as ligações de hidrogênio são muito mais fracas do que ligações 
covalentes o tempo de vida das ligações de hidrogênio é muito curto

€ 

u r( ) = constan t( )r− p
 

Ligação u (kcal/mol)

H—C 80.6

C—C 98.3

Energia de ligações covalentes

Ligação de hidrogênio:

Interação Energia (kcal/mol)

Água/Água 5.5

Dipolo-dipolo 0.5

dipolo-dipolo induzido 0.012

Dill, K. et al. Molecular Driving Forces, Garland Science, 1a. ed., 2003, Madison

D H A
δ- δ-δ+

doador aceptor

€ 

u r( ) = constan t( )r− p
 

D H
A

δ-
δ-

δ+

doador
aceptor

Caráter de ligação é 90% 
eletrostático e 10% covalente



A estabilidade de uma proteína é da mesma ordem de 
grandeza que 4-5 ligações de hidrogênio

! 

u r( ) = constan t( )r" p
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u r( ) = constan t( )r" p
!

Tipo u (kcal/mol)
Dependência 

em r

iônica 66 1/r

íon/dipolo 4 1/r2

dipolo/dipolo 0.5 1/r3

dipolo/dipolo 
induzido

0.012 1/r6

Ligação u (kcal/mol)

H—C 80.6

C—C 98.3

Energia de ligações covalentesDiferentes tipos de energia u(r)

Dill, K. et al. Molecular Driving Forces, Garland Science, 1a. ed., 2003, Madison

Ponte de hidrogênio:

Água/Água 5.5 kcal/mol

Energias envolvidas na formação de interações 
não covalentes vs. covalentes



Proteína ΔG0 (kcal/mol) ΔH0 (kcal/mol) TΔS0 (kcal/mol)

CI2 -6.62 -32.26 -25.64

EglinC -8.82 -27.48 -18.66

RNAse T1 -8.96 -67.16 -58.22

Citocromo c -8.87 -21.27 -12.40

Barnase -11.69 -73.37 -61.71

Termodinâmica de enovelamento de proteínas

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

A estabilidade da proteína é da mesma ordem de grandeza 
que 4-5 ligações de hidrogênio



• Proteínas são marginalmente estáveis

1. Estabilidade está intimamente conectada com enovelamento, proteínas precisam ser 
estáveis no estado enovelado (nativo)

2. Estado desnaturado (D) não é necessariamente o mesmo que desenovelado (U) 

3. ΔG = ΔH - TΔS

4. A energia livre de enovelamento é a soma de termos entalpicos e entrópicos, resultando 
em um valor ΔG pequeno (tipicamente -5 a -15 kcal/mol), portanto proteínas são 
marginalmente estáveis

5. Durante o enovelamento, os ganhos entálpicos (pontes de hidrogênio, pontes salinas) 
são compensados por uma grande perda de entropia conformacional

6. Mas também existe um grande ganho de entropia do solvente (efeito hidrofóbico)

7. Para uma proteína de 100aa:

+167 kcal/mol = perda de entropia conformacional
-95 kcal/mol    = efeito hidrofóbico
-83 kcal/mol    = efeitos entálpicos (p. exemplo: pontes de hidrogênio)

-11 kcal/mol 



showed that many substitutions can be tolerated
within the core of the protein.

Figure 3a and b summarize the changes in melt-
ing temperature for all of the mutants of T4 lyso-
zyme that have been characterized. Plots showing
the change in the free energy of folding (DDG) for
these mutants are included in the Supporting Infor-
mation. The plots for the single mutants are asym-
metric, as also seen for other proteins.3 For T4 lyso-
zyme, there are very few point mutations that
increase the melting temperature by more than 3–4!

(see later), but many that decrease stability by 3–4!

or more. The most destabilizing point mutants
reduce the melting temperature by about 20!C.
These include M102K (1L54), which introduces a
charged side chain into the hydrophobic core, A98F
and A98W, which are ‘‘small-to-large’’ substitutions
in the core, and L99G (1QUD), which is a ‘‘large-to-
small’’ replacement in the core. R95A, which deletes
multiple interactions made by the side-chain of
Arg95, is also very destabilizing. As discussed in
more detail later, a number of mutations increase
stability slightly, but there is no single substitution
that has a dramatic effect.

In addition to substitutions, lysozyme can also
accommodate insertions and deletions.5 If, for exam-
ple, a small number of amino acids are inserted into
the middle of an a-helical region the protein might
be expected to respond in one of two ways (Fig. 4):
either (1) the inserted amino acids could form a local
‘‘bulge’’, protruding from the side of the a-helix, or
(2) the inserted amino acids could become part of
the helix, and, in effect translate the insertion to
one end or the other of the helix. Our experience
suggests that the latter occurs in the overwhelming
majority of cases.6 Presumably, bulges are avoided
because they tend to introduce local strain, leave
backbone carbonyls and amide groups with unsatis-

fied hydrogen bonds, and also disrupt hydrophobic
contacts present in the parent structure.

Mutations Cause Modest, Local Changes in
Structure: Backbone Shifts are Common,
Rotamer Changes are Rare
In the overwhelming number of cases, point muta-
tions cause very modest, localized changes in the
structure. Combinations of substitutions that are
designed to create cavities or to repack the core also
tend to result in relatively modest structural
rearrangement.

Baldwin et al.7 used a genetic screen to select
combinations of replacements that would repack the
hydrophobic core of the protein. These alternative
residues were accommodated in large part by adjust-
ments in the local backbone, and only rarely by side-
chains adopting different rotamers.

Hurley et al.8 used an in-house computational
procedure based on the algorithm of Ponder and
Richards9 to find alternative replacements of the
buried residues Leu99, Met102, Val111, and Phe153.
This culminated in the mutant L99F/M102L/V111I/
F153L (1L82) whose structure had backbone shifts
up to 0.6–1.0 Å not anticipated in the design proce-
dure. Similarly, the computational procedure of
Dahiyat and Mayo10 was used to predict alternative
core packing sequences.11 Structure determination
again showed that the designed sequence was
accommodated primarily by backbone shifts (up to
2.8 Å) rather than changes in side-chain rotamers.
Although the use of a fixed backbone template in
protein redesign is computationally attractive, expe-
rience with lysozyme suggests that such a procedure
is a poor approximation for the behavior of real
proteins.

The lysozyme mutant in which the most exten-
sive core-repacking was observed, A73-[AAA] (209L)

Figure 2. Figure illustrating the tolerance of T4 lysozyme to point mutation (following Ref. 4). Substitutions at the

green-colored sites have little if any effect on folding or activity. One or more substitutions at the red sites compromise

folding and/or activity. These locations, typically in the core or the active site cleft, are the least tolerant sites. The yellow

sites are tolerant, but less so than the green ones (see text for details).

Baase et al. PROTEIN SCIENCE VOL 19:631—641 633

Fonte: Arthur Lesk, Introduction to Protein Science, Oxford University Press, 2a edição (2010)

Fonte: Baase et al. (2010) Protein Science 19:631



Estrutura quaternária




























