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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-





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



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



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˚

3 -49˚ -26˚



Representação esquemática de estrutura secundária

Arthur Lesk



Estrutura de proteínas - Prof. Bayardo Torres

http://www.iq.usp.br/bayardo/softwares/proteina/basic/cap1/main1.html

http://www.iq.usp.br/bayardo/softwares/proteina/basic/cap1/main1.html


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



Estrutura quaternária
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The relation between the divergence of sequence and structure in
proteins

Cyrus Chothial and Arthur M.Lesk2
MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH,
and 'Christopher Ingold Laboratory, University College London, 20 Gordon
Street, London WC1H OAJ, UK

2Permanent address: Fairleigh Dickinson University, Teaneck-Hackensack
Campus, Teaneck, NJ 07666, USA

Communicated by M.F.Perutz

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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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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U(r)=0 quando r/σ=1

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
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u r( ) = constan t( )r− p
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A

δ-
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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
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u r( ) = constan t( )r" p
!

! 

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



Ubiquitina

Apolares (A,L,I,V,P,F)
Carregados (D,E,R,K)



Interações eletrostáticas 
(longo alcance)
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Energia electrostática no vácuo:

Energia electrostática em um 
líquido de constante dielétrica D:

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



Transferência de uma esfera carregada da água para um 
meio apolar (μ=0) consome muita energia

+
H2O (D~80)

+
D~2

+
desolvatação
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Energia eletrostática (considere carga “q” e raio “a”)

=+175 kJ/mol Tipo u (kJ/mol)

iônica 276

íon/dipolo 16.7

dipolo/dipolo 2.09

dipolo/dipolo induzido 0.050

Energias típicas de interações não 
covalentes:



Moléculas de água mantém a rede de ligações de 
hidrogênio ao redor do soluto hidrofóbico

H2O

ΔH>0  
Custo entalpico para 
criar uma cavidade

1 2

ΔS < 0 Perda de entropia 
das moléculas de águaΔG = ΔH - TΔS

Efeito hidrofóbico: enovelamento envolve a liberação de moléculas 
de água (ΔSágua > 0)



Estrutura da água

Methane�clathrate
Ultimate�cluster�formation



Efeito hidrofóbico

ΔG ΔH ΔS

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

Propriedades termodinâmicas de transferência de hidrocarbonetos 
para a água, baseado nas solubilidades a 298K

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

ΔG = ΔH - TΔS



QBQ1252: Bioquı́mica Metabólica – Quı́mica São Paulo, 09 de agosto de 2016

Efeito hidrofóbico
• Principal determinante do enovelamento de proteı́nas

• É um balanço de forças fundamentais (van der Waals e

eletrostática), responsáveis pela solvatação aquosa

• Solutos apolares quebram rede de ligações de H.

Forma-se “jaula” de água em torno do soluto. Diminuem

as interações favoráveis água–água e a entropia

• Agregação diminui superfı́cie da jaula e, logo, a quantidade

de água “congelada”. A entropia do solvente aumenta e

interações fortes água–água são em parte restabelecidas.

Instituto de Quı́mica - Departamento de Bioquı́mica

Folding envolve o ganho de entropia do solvente



Cyrus Clothia quantificou o efeito hidrofóbico

© 1974 Nature Publishing Group

Cyrus Clothia (1974) Nature 248:338

Slope = 22 cal/Å2



• 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 



Pace et al.: http://dasher.wustl.edu/bio5357/reading/pace-review-97.pdf (Acessado em 25/04/2013)

• Como medir a constante de equilíbrio de 
enovelamento/desenovelamento?

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


Proteínas de membrana



hidrofóbico

hidrofílico

Thursday, August 29, 13

Integral periférica

Branden & Tooze, 2a edição



Thursday, August 29, 13

Branden & Tooze, 2a edição

Proteínas periféricas estão mais fracamente associadas à 
membrana



assays typically used for transporters, the reconstituted
full-length protein [5,9,17], the TM domain [5,14] and the
conductance domain [5] seem to have robust activity and
excellent sensitivity to a channel-blocking drug, amanta-
dine. Truncation decreases the tetramer stability at low pH
[18], and more so for the TM domain than for the con-
ductance domain [19]. This decrease in tetramer stability
leads to lower proton conductance and drug efficacy [5].

Until recently, amantadine and a derivative, rimanta-
dine, were effective in blocking the proton conducting

function of the M2 protein, leading to cessation of viral
replication [20,21]. However, the widespread occurrence
of the S31Nmutation in the H3N2 and H1N1 viral strains
[22,23] has resulted in drug resistance in the past few flu
seasons and in the recent swine flu pandemic. As was the
case for strong interest in new inhibitors of hemaggluti-
nin, another influenza coat protein [24], detailed knowl-
edge of the structure(s), dynamics and functions of the M2
protein should lead to enhanced opportunities for drug
development.

Box 1. Transmembrane vs. water-soluble proteins

Transmembrane a-helices have a high content of hydrophobic amino
acid residues and a very low content of charged and highly polar
residues (Figure I) [57]. The lower potential to form site-specific
electrostatic and hydrogen bonding interactions between helices
means that van der Waals interactions are the dominant source of
stability for tertiary and quaternary structures in the transmembrane
region. The resulting modest tertiary and quaternary stability facilitates
the structural rearrangements necessary for functional mechanisms.

A fundamental consequence of the highly hydrophobic nature of
the transmembrane domain is the protection of polar sites, both in the
side chains and in the backbone. For the backbone, the typical torsion
angles for TM a-helices differ from those for water-soluble helices
(f/c of –608/–458 vs. –658/–408, respectively) [58,59]. Consequently, the
carbonyl oxygen does not project outward from the helix axis as
much in TM helices and thus shields the substantial partial charge on
these sites and strengthens intra-helical hydrogen bonds [58].

Serine and threonine are the two polar residues that occur at higher
frequency in TM helices (Figure I) [57]. Both residues have the
potential to hydrogen bond, through their hydroxyl groups, to the
helical backbone. Such intra-helical hydrogen bonding facilitates
sequestration of the polar side chains in a hydrophobic environment
and thus initial helical insertion into the membrane. Once in the
membrane, these polar side chains can form inter-helical hydrogen
bonds [60]. Interestingly, glycine and proline, known as helix breakers
in water-soluble proteins, are well integrated into TM helices. Given
their propensity to drive helix kinking, these residues are referred to
as pro-kink sites in TM helices [59]; helix kinking can play central roles
in functional mechanisms [15,61,62].

Importantly, the largely hydrophobic side-chain composition of TM
domains results in a relatively sterile chemical environment. The
presence of serine and threonine residues helps to ameliorate this
condition, as do imperfections in the uniformity of the helical
structure. Proline residues result in an exposed carbonyl oxygen
without a hydrogen bonding partner. Similarly, helical kinks and

p-bulges expose amide protons and carbonyl oxygens as potential
sites for inter-helical interactions and chemical reactivity. Conse-
quently, structural knowledge of TM helices is critical for functional
understanding of membrane proteins.

Box 2. Methodologies for structural determination of membrane proteins

All of the structural methodologies for membrane proteins require
solubilization of the proteins in environments that model native
membranes. Crystallization for X-ray diffraction requires a high
protein concentration and dominant specific interactions at the unit
cell interface. These are typically polar and charge–charge interac-
tions and hence hydrophobic membrane-soluble surfaces are nor-
mally shielded from the unit cell boundaries. Similarly, the
hydrophobic interstices of lipid bilayers cannot span between
crystalline unit cells. Most often, detergents are used to achieve high
solubility of membrane proteins and to shield the hydrophobic
surface of the proteins. However, it has frequently been noted that
lipids are essential for the formation of quality crystals [64–66] and
non-traditional methods of crystallization using bicelles or lipidic
cubic phases have occasionally been used to generate good crystals
[67,68]. In addition to manipulating the environment for protein
crystallization, the protein itself is often modified by mutations,
truncations and/or through the formation of fusion proteins to
achieve crystallization [48,69,70].

A requirement for solution NMR is that the protein tumbles
isotropically on the NMR timescale; otherwise the spectral resolution

is lost. The molecular weight for the tetrameric M2 conductance
domain is 22 kDa and therefore any increase in molecular weight on
detergent addition must be minimized to avoid a significant increase
in the global correlation time. Consequently, small detergent micelles
are favored, as are micelles within which the protein has more
mobility [71]. However, detergent micelles have numerous features
that distinguish them from a lipid bilayer (Box 3). Recently, small
bicelle structures prepared from a mixture of lipids and detergents
have been used [72,73] and these might prove to be a better
membrane mimetic environment.

Solid-state NMR of uniformly aligned samples uses liquid-crystal-
line planar lipid bilayers as a membrane mimetic. Synthetic bilayers
can reproduce many of the characteristics of the native membrane.
Gradients in dielectric constant, water concentration, fluidity and even
the lateral pressure profile across the native membrane can be
modeled in synthetic bilayers. The lipid composition can be crudely
reproduced, but the asymmetries of the bilayer are not modeled, such
as the differing lipid composition in the outer and inner leaflets and
the various electrical, chemical and mechanical gradients across the
bilayer.

Figure I. Comparison of amino acid composition between water-soluble
protein helices and transmembrane protein helices. Green and red denote
amino acids that are more common in membrane protein TM helices and
water-soluble protein helices, respectively. Adapted from [63] with permission;
copyright (2007) John Wiley & Sons, Inc.
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Moon e Fleming (2011) PNAS 108: 10174 



Whole-protein hydrophobicity scale determined from the OmpLA system.  

C. Preston Moon, and Karen G. Fleming PNAS 
2011;108:10174-10177 



Porina



Fig. S3. Membrane partition energies of hydrophobic residues strongly correlate with the amount of nonpolar surface area buried in the membrane. The
difference in nonpolar accessible surface area (ASA) between alanine and the hydrophobic residues F, L, I, Y, V, andM is plotted on the horizontal axis. The ASAs
were calculated using a Gly-X-Gly peptide and a rolling probe with a radius of 1.4 Å. The partition energies from our whole-protein hydrophobicity scale for the
same residues are plotted on the vertical axis. Error bars are standard errors of the mean. The solid line represents a linear fit to the data points, having a slope
of 0.023 kcalmol−1 Å−2 and intercepting the vertical axis at 0.164 kcalmol−1.

Fig. S4. Hydropathy analysis using the whole-protein scale successfully predicts the transmembrane segments of bovine rhodopsin. Hydropathy plot for
bovine rhodopsin (3cap.pdb) was prepared using MPEx (9) with the ΔCONH and window values set to their defaults of 0 kcalmol−1 and 19, respectively.
All histidine, aspartic acid, and glutamic acid residues were considered to be protonated. Hydropathy values are for transfer from water into bilayer.

Moon and Fleming www.pnas.org/cgi/doi/10.1073/pnas.1103979108 4 of 6

Slope = 23 cal/Å2

Energia de partição de cadeias laterais hidrofóbicas na 
bicamada lipídica

Moon e Fleming (2011) PNAS 108: 10174 

O efeito hidrofóbico também contribui para a estabilidade de 
proteínas de membrana

© 1974 Nature Publishing Group

Cyrus Clothia (1974) Nature 248:338

Slope = 22 cal/Å2



6–7 kcalmol−1 (8). The energetics of water-to-membrane parti-
tioning of arginine would also depend on possible rearrangement
of other parts of the protein and/or a deformation of the mem-
brane to reduce its hydrophobic thickness (10, 11, 27, 28). How-
ever, no such energetics have been measured with a whole protein
until the present study. The previous translocon scale had a mod-
est value for arginine (7), but it did not represent the water-to-
bilayer transition (8). Our measurement for arginine here does
represent a water-to-bilayer transition and it also is quite modest:
2.1! 0.1 kcalmol−1 (Table S1). We speculate that at least part of
the discrepancy between our experimental value and the previous
theoretical values may be due to differences in the hydrophobic
thicknesses of the lipid bilayers used in the different systems and
may be resolved by further calculations that are matched to our
experimental conditions.

To address the effects of bilayer depth on side-chain partition-
ing, we studied side chains at different positions on the OmpLA
scaffold. In addition to position 210, we engineered both arginine
and leucine at five additional locations in the OmpLA sequence
(positions 120, 164, 212, 214, and 223) and compared the result-
ing variants to alanine variants at the same positions. Arginine
partition energies were most unfavorable at the middle of the
membrane (Fig. 3 and Table S2) and displayed a shape with a
depth-dependence that recapitulated the trends observed in ear-
lier molecular dynamics simulations (8, 10, 11, 27, 28) and in an
earlier depth analysis of the translocon scale (6, 7). Leucine parti-
tion energies had an opposite response—they were more favor-
able closer to the middle of the membrane.

We also examined a double-arginine variant (A210R, G212R)
to address the issue of tandem membrane insertion of multiple
arginine side chains that could occur with KvAP channel gating.
Fig. 4 and Table S2 show that the ΔΔG∘

w;l of the double-arginine
variant is 1.6 kcalmol−1 less than the sum of the ΔΔG∘

w;l for each
single-arginine variant (A210R and G212R). Therefore, there is
cooperativity between the two arginines that reduces their overall
energetic cost to be in the membrane. The source of this coop-
erativity could be the ability of the two arginines to share access to
a deformation or water penetration in the adjacent lipid bilayer.
Therefore, our results suggest that the multiple arginines of
the S4 helix could function together to suppress their energetic

burden to pass across the apolar interior of the membrane during
gating of the KvAP channel.

The power of our whole-protein hydrophobicity scale is that it
unambiguously reflects the thermodynamics of water-to-bilayer
partitioning of side chains in the context of a native transmem-
brane protein spanning a phospholipid bilayer. The earlier trans-
locon scale (7) did not reflect a system verifiably at equilibrium,
and its values are relevant to a different event: translocon-to-
bilayer partitioning (8). TheWimleyWhite water-to-octanol scale
(24) did derive from equilibrium thermodynamic measurements,
however, it represented the protein by short peptides and it
approximated the lipid membrane environment with octanol.
Our observations reveal that both of those previous scales would
undervalue the energetics of most amino acids if they were used
to represent water-to-bilayer side-chain partitioning (Fig. S5).

Two exceptions are aspartic acid and glutamic acid, whose en-
ergetics are underrepresented in our whole-protein scale because
the pH of our experiments was 3.8, which is close to the pKa
values for model compounds of Asp and Glu side chains (29).
It is reasonable to expect that a significant population of the
guest Asp and Glu side chains in our system were protonated and
thereby more easily partitioned into the membrane than they
would have at normal physiological pH. Therefore, our results
for Asp and Glu may help explain why certain membrane active
peptides, such as bacterial toxins (30), can partition across mem-
branes only at low pH. This phenomenon of acidic membrane
partitioning should be considered in the study of how protein–
lipid interactions affect the many types of tumors that feature
acidic extracellular pH (31).

Our measurements here provide water-to-bilayer transfer
free energies of amino acid side chains determined from the
spontaneous insertion of a whole transmembrane protein into
membranes. Therefore, our whole-protein free energy measure-
ments are highly applicable to models of spontaneous changes
in protein–lipid interactions, such as models of channel gating.
To completely describe such events, however, more than just
equilibrium energies should be known. Channel gating is a dy-
namic and kinetic event, so the activation energy barriers to amino
acid side-chain insertion into membranes should be determined.
Our system of using a scaffold transmembrane protein for guest
amino acids should also allow us tomeasure those kinetic barriers.

Fig. 3. Energetics of side-chain partitioning varies by depth in the mem-
brane. The OmpLA host-guest system is shown similarly as in Fig. 1 with
the α-carbons of sequence positions 120, 164, 210, 212, 214, and 223 shown
as black spheres. The membrane depth of those five α-carbons versus the
ΔΔG∘

w;l of leucine and arginine variants (compared to alanine variants) is
shown aligned with the OmpLA image. Normal distributions fit to the leucine
and arginine data are also shown. Error bars represent standard errors of the
mean from individual titration experiments.

Fig. 4. A double-mutant cycle reveals that two arginines cooperate energe-
tically to partition into a membrane. The OmpLA system is shown similarly
as in Fig. 1 with the atoms of the side chains varied in the cycle shown as
spheres. The arginine side-chain orientations shown are for illustration of size
and are not intended to depict any known side-chain conformations relative
to the lipid bilayer in our experiments.

10176 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1103979108 Moon and Fleming

O custo energético de partição de cadeias laterais depende da 
profundidade na membrana

Moon e Fleming (2011) PNAS 108: 10174 



É difícil estudar proteínas de membrana

PDB Todas - 101245 estruturas
PDB TM - 2131 estruturas

http://blanco.biomol.uci.edu/mpstruc/
http://pdbtm.enzim.hu/?

http://blanco.biomol.uci.edu/mpstruc/
http://pdbtm.enzim.hu/?


RMN em solução com micelas de DHPC

Schnell e Chou (2008) Nature 451: 591

Amantadine

Estrutura do canal de H+ M2 do virus influenza A

O ambiente importa



RMN em estado solido e bicamadas orientadas

Sharma et al. (2010) Science 330: 509

Estrutura do canal de H+ M2 do virus influenza A



• A hipótese termodinâmica de Anfinsen

A sequência de aminoácidos determina a estrutura tridimensional

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



Determinação estrutural





NMR of Biomacromolecules

NMR Studies of Structure and Function of Biological
Macromolecules (Nobel Lecture)**
Kurt W!thrich*

Angewandte
Chemie

Keywords:
NMR spectroscopy · Nobel lecture ·
proteins · structure determination

K. W!thrichReviews

3340 " 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim DOI: 10.1002/anie.200300595 Angew. Chem. Int. Ed. 2003, 42, 3340 – 3363
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X−ray

RMN

CryoEM

Número de estruturas depositadas no PDB 

ao longo dos anos

Ano

RMN de proteínas é a única técnica capaz de resolver a 

estrutura de proteínas em solução

Estruturas de proteína depositadas no PDB e 
classificadas de acordo com o método experimental



Xray crystallography

Branden & Tooze, 2a edição

-Requires good quality crystals
-One needs to solve the 
phase problem
-Quality of the data may be 
examined by the resolution 
(< 2.5 Å) and the R-factor 
(0.15 < R < 0.20)





X-ray: fusão com anticorpos, lisozima, e introdução de mutações 
para tornar a estrutura mais rígida

Transportador de dopamina Bacteriorodopsina

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



Cryo-Electron Microscopy

Sirohi et al. (2016) Science DOI:10.1126/Science.aaf5316



NMR & Structural biology
Structure determination
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15N-VirB9CT:VirB7NT (1:1)

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 Å  0

Torsion angles > 50  0
4. RMS deviation from the lowest energy structure

Backbone atoms (N,CA,CO) 0.58 ± 0.06

Heavy atoms   1.64 ± 0.07

All core residues (30-38, 163-252) 

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

ѯ����ѯ��URWDPHU�QRUPDOLW\� � ������������

Backbone conformation  -4.23 ± 0.29

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



NMR & Structural biology

B i o m o l e c u l a r  i n t e r a c t i o n s$

• Even weak and transient complexes can be studied



NMR provides essential information on 
protein dynamics

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

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

PDB 2JVL



NMR & Structural biology
D Y N A M I C S

-O domínio menor é altamente dinâmico na ausência do substrato

GK + Glucose ± AMP-PNP
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Unliganded 

-Após associação com glicose o domínio menor torna-se mais ordenado

Larion et al. 2012



Multiple kinds of motions are relevant for different 
biological processes

Motivation

• Folding/unfolding 

• Allosteric communication 

• Ligand recognition 

• Enzyme kinetics

$

• Fast backbone motion (< ns) 

• Side chain motion (< ns) 

• Aromatic ring flipping (ps - ms) 

• Inter-domain motion (μs - ms) 

• Overall tumbling (ns)

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



18.8 Tesla 
ωo (1H) 800 MHz

Quanto maior for o campo magnético externo, mais fácil 
será para detectar o sinal de RMN da amostra

~ 500 µl



RMN detecta transições entre os estados do spin nuclear 
com diferentes energias na presença de um campo 
magnético estático



Trp side 
chain 
HN

backbone HN

side chain CH, CH2

side chain CH3

10 5 0
δ1H (ppm)

backbone Hα

aromatic ring 
protons	

and side chain NH2

Proton Chemical Shifts



Strategy 1: “Wüthrich's” approach (1980s)	
• Homonuclear 2D experiments (1H – 1H)	
✓ COSY / TOCSY - assign "spin systems" (residue-type)	

✓ NOESY - determine neighbors	

$

Strategy 2: Multidimensional approach	
• (Additional) Heteronuclear 2D & 3D experiments	
✓ Triple resonance - assign "spin systems" (residue-type)	

✓ Requires isotope labelling with 15N and 13C (< 20 kDa) or 2H, 15N and 13C 
(20 - 50 kDa)	

✓ Use pairs of experiments to sequentially assign all resonances

O problema do assinalamento



RESTRAINTS: distances



+hbonds	
+dihedrals

+NOEs	
+dihedrals

+RDCs

A precisão melhora conforme maior o 
número de restrições

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


