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deutério de prótons lábeis (NHs da cadeia principal),5,6 e o movimento de “flipping” 
de anéis aromáticos,7,8 e simulações computacionais de dinâmica molecular.9,10 
Coletivamente, os movimentos internos de uma proteína são chamados de dinâmica. 
Movimentos internos em proteínas compreendem desde “breathing motions”, rotações 
de cadeias laterais e anéis aromáticos (“flipping”), movimentos rápidos de alças em 
escalas de tempo de sub-nanosegundos, a movimentos mais lentos entre domínios em 
escalas de tempo de até milisegundos.11 Eventualmente proteínas podem visitar o 
estado desenovelado. Medidas de cinética de troca hidrogênio-deutério por RMN em 
solução mostraram que a troca com a água dos NHs mais protegidos do citocromo C 
ocorre através do desenovelamento transiente da molécula.12 A explicação para este 
fenômeno se encontra na Lei de Distribuição de Boltzmann, a qual é descrita abaixo. 

A dinâmica de proteínas é explicada pelo conceito de superfície de energia 
proposto por Wolynes e colaboradores (1991).13 O estado nativo corresponde à 
conformação mais estável em uma superfície de energia (Figure 1A). A rugosidade 
da superfície permite flutuações conformacionais, eventualmente essenciais à função 
biológica.13 Resulta que proteínas são ensembles, e seguem rigorosamente a Lei de 
Distribuição de Boltzmann segundo a qual a probabilidade !!  de encontrar uma 
dada molécula em um estado conformacional de energia !! é dada por:   
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! é a constante de Boltzmann, ! a temperatura e ! é o número total de estados 
conformacionais. Observa-se que, quando as energias são pequenas em relação à 
energia térmica, !", temos que !~!, ou seja, todos os estados conformacionais 
tendem a ser igualmente prováveis. Aplicando-se estes conceitos ao estudo de 
proteínas temos que o estado nativo corresponde a um ensemble estreito de 
conformações (Figura 1B). Eventualmente, próximo ao estado nativo, existem outros 
mínimos locais de maior energia (Figure 1A). Quando estes mínimos são separados 
por barreiras de energia muito maiores do que !" a velocidade de inter-conversão é 
lenta, e a proteína estará em equilíbrio lento com um estado excitado pouco populado 
(Figura 1A). Nem todas as proteínas adquirem uma estrutura rígida e bem definida. 
Proteínas intrinsecamente desordenadas (IDPs) são incapazes de se enovelar ao redor 
de um centro hidrofóbico e adquirir uma estrutura nativa rígida e bem enovelada.14,15 
A superfície de energia conformacional de uma IDP é caracterizada pela presença de 
vários mínimos locais com energias parecidas, separados por barreiras da ordem de 
!", indicando que o ensemble corresponde a uma ampla distribuição de conformações 
com pesos estatísticos parecidos (Figura 1).  
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“Conformational energy landscape”
Frauenfelder, Sligar, e Wolynes (1991) The energy landscapes and 
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Proteínas visitam diferentes conformações em torno da conformação média 
de acordo com a energia térmica. Todas as possíveis conformações de uma 

proteína são populadas de acordo com a sua energia
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Acúmulo de evidências consolidou a visão de que 
proteínas são flexíveis
Enzimas exibem dinâmica no sítio ativo

IDPs, IDRs, e condensados



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

Dinâmica molecular de BPTI por 8.8 ps

“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”



1978: Wüthrich e Wagner “Internal motion in globular 
proteins”
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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. 

Present textbook descriptions of poly- 
peptide conformation are dominated by 
two limiting types of structure. These are 
the highly structured conformations seen 
by crystallographic techniques and the 
unstructured, flexible, random coil forms 
attributed to 'denatured' proteins. In- 
fluenced mainly by molecular models 
which present the average atom positions, 
but do not reflect the disorder and thermal 
motion contained in the X-ray data [1], 
biochemists and biologists have tended to 
view globular proteins as rigid structures. 
On the other hand, evidence against this 
view has accrued over .the years from 
experiments on protein solutions [2-4]. 
More recently, the flexibility of globular 
proteins has been emphasized by theoreti- 
cal studies [5-8]. In the present account, 
we survey recent observations which have 
given a dynamic description of the con- 
formations of globular• proteins in solu- 
tion. 

Much of the material has been obtained 
from high resolu.tion nuclear magnetic 
resonance (NMR) studies of the basic 
pancreatic trypsin inhibitor (BPTI) and 
homologous proteins. This family of 
proteins presents a suitable system to study 
correlations between covalent structure 
and conformation, and to investigate 
fundamental traits of protein flexibility. 
Among the experimental techniques used 
to study protein conformations in solution, 
high resolution NMR is unique in pro- 
viding a many-parameter characterization 
both of static and dynamic structures [9]. 

K.W. and G. W. are at the lnstltut J~r Molekular- 
biologic und Biophysik, Eidgeniissiache Technische 
Hochschule, 8093 Ziirich-H6nggcrberg, Switzer- 
land. 

The quantitative description of internal 
mobility of aromatic rings in globular 
proteins [3,4,9] stands out as a; particularly 
intriguing result of NMR studies. 

BPTI and related proteins 
BPTI has a molecular weight of 6500 and 

consists of one polypeptide chain with 58 
amino acid residues, which includes three 
disulfide bonds and eight aromatic resi- 
dues, i.e. four phenylalanines and four 
tyrosines. The crystal structure has been 
highly refined at 1.5 A resolution [10]. 
Despite its small size, BPTI is a typical 
globular protein, which makes it an ideal 
model compound for studies of funda- 
mental aspects of protein conformation 
and protein folding [3-5,7-11]. 

NMR studies showed that the average 
conformations of BPTI in single crystals 
and in aqueous solution are highly similar 
[12] and that the same type of structure is 
found also in the solution conformations 
of a group "of related proteins [13,14]. 
These proteins, which include inhibitors 
from other species and also chemical 
modifications of BPTI [13,14], provide a 
uni.que system for investigating effects of 
local variations of the covalent structure on 
the molecular dynamics. Since BPTI is 

• outstandingly stable, with a denaturation 
temperature of >95°C at neutral pH 
[15-17] and exchange life times for interior 
amide protons of up to several years in 
neutral solution at 25°C [16,17], these less 
stable, modified BPTI species can be 
studied in a wide range of conditions. 

Structural data from NMR 
In Fig. 1, the high resolution ~H-NMR 

spectrum observed for native" globular 

BPTI is compared with the spectrum 
computed for the random coil form of the 
polypeptide chain, which corresponds 
closely, to the measured spectrum for 
denatured BPTI [9,16]. The spatial folding 
of the polypeptide chain is responsible for 
the differences between,the two spectra. 
Since a large number of resolved resonance 
lines in the globular protein have been 
assigned to particular residues in the amino 
acid sequence [I 2,13,18-22], and have been 
related to particular aspects of the mole- 
cular conformation [3,4,14,16,17,23,24], 
the NMR differences between BPTI and 
related proteins can be interpreted in 
terms of structural features in well-defined 
locations. 

The denaturation temperatures were 
determined from the transition from a ~H- 
NMR spectrum characteristic 6f the 
globular protein to that of the random coil 
polypeptide chain (Fig. l) .  An important 
observation was that the exchange between 
the globular and denatured forms of the 
protein was slow on the NMR time scale. 

In Fig. 1B, most of the resonance lines 
between 7.5'and. II p.p.m, correspond to 
internal, hydrogen-bonded, backbone 
amide protons [9,16,17]. Individual ex- 
change rates were obtained for approxi- 
mately 25 amide protons in BPTI and 
homologous proteins measuring decrease 
with time of the resonance intensities after 
dissolving the proteins in [=H]=O. 

Mobility of the aromatic rings 
NMR chemical shifts of protons in 

organic molecules are primarily deter- 
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Fig. I. 360 MHz tH-NM'R spectra of BPTI. 
(A} Hypothetical "random coil spectrum" for the 
polypeptide chain o f  BPT!  computed as the 
normalized sum o f  the resonances o f  the con- 
stituent amino acid residues [9]. ( B ) Experimental 
spectrum recorded shortly after dissolving the 
protein in PHlsO pD = 4.5, T = 45°C. 
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mined by their covalent structures and are 
further affected by interactions through 
space with the immediate environment [9]. 
For amino  acid residues located in the 
interior of globular proteins; the influence 
of the environment can lead to quite 
sizeable chemical shifts, as illustrated by 
the differences between the spectra A and 
B in Fig. 1. For the aromatic rings of 
phenylalanine and tyrosine, the covalent 
structure is symmetrical with respect to a 
two-fold axis through the C°-C r bond. 
Provided that all the aromatic protons 
experience the same environment, this 
symmetry is manifested in the equivalence 
of the chemical shifts of the 2,6- and 3,5- 
protons (Fig. 2). In globular proteins, 
however, the environment of the aromatic 
rings is characterized by a non-periodic 
distribution of structural elements. As a 
consequence, individual ring protons may 
experience different microenvironments 
and, in a static situation with the rings 
rigidly fixed in space, the two-fold sym- 
metry of the ring structure can be masked 
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Fig. 2. Schematic illustration o f  a phenylalanine 
ring in the polarizing "magnetic field o f  a NMR 
spectrometer. Three limiting situations may be 
distinguished: (i) In an isotropic environment, 
the two-fold symmetry o f  the covalent ring 
structure is manifested in the NMR spectrum by 
the chemical shift equivalence o f  the symmetry- 
related protons 2 and 6, and 3 and 5, respect~ely 
(AA'BCC" spin system [ 9 ] .  (ii) In the Interior o f  a 
globular protein, the individual aromatic protons 
have in general different nearest neighbor atoms 
and are hence shielded differently against the 
external magnetic field. In the upper right, the 
magnetic field is indicated by the arrow, and 
different size umbrellas represent different shield- 
ing. As a result, the ring symmetry is masked by 
the asymmetric environment and different NMR 
chemical shifts will generally" prevail for all the 
aromatic protons (ABCDE spin system 19]). 
(ill) I f  the phenylalanine ring in the protein 
interior is mobile and rotates rapidly about the 
C~.Cv bond, each of. the symmetry-related 2,6- 
or 3,J-protons spends equal periods o f  time in the 
different environments and hence the influence o f  
the nearest neighbors is avera~ed out (AA'BCC' 
spin system [9]). 

by different environments of the sym- 
metry-related protons. This situation is 
illustrated in Fig. 2, which also shows that 
a symmetrical spectrum is again obtained 
when the aromatic rings undergo rapid 
rotational motions about the C~-C ~ 
bond. Hence, internal mobility of.aromatic 
rings in globular proteins is manifested in 
the "symmetry properties of the 1H-NMR 
spectrum and NMR can provide a quanti- 
tative description of the ring rotations. 

BPTI is a favourable protein for demon- 
strating mobility of aromatic rings. For 
Tyr 35 and Phe 45, the asymmetric spin 
systems corresponding to the immobilized 
ring could be resolved in the 1H-NMR 
spectrum at low temperature (Fig. 3). 
Since the globular BPTI conformation is 
stable up to at least 95°C [15-17], the 

• transition from slow to rapid rotational 
motions of the rings could then be observed 
by increasing the temperature, as illus- 
trated in Fig. 3: In addition to the rotation 
rates indicated in the figure, the activation 
energies for the rotational motions, which 
are of the order of 15 kcal mol -~, were 
obtained from these experiments [4]. 
Tyr 23 has a rotation rate of approxi- 
mately 350 s -a at 40°C, one phenylalanine 
ring is immobilized up to 80°C, and four 
rings are rotating rapidly over the entire 
temperature range from 4 to 80°C [4]. 

Internal rotational mobility of aromatic 
rings seems to be a common feature in 
globular proteins. From the observations 
on BPTI it can be concluded that asym- 
metric spin systems are t~pical for aromatic 
groups which are rigidly fixed in the 
interior of globular proteins. Hence, the 
s.),mmetrie spectra reported for aromatic 
rings in a variety of proteins, e.g. lysozyme 
[25], cytochromes c [26,27] and snake ., 
toxins [28], can be taken as concluswe 
evidence for rapid ring rotation about the 
C~-C v bond. Observations of the tra~asi- 
tion from slow t o  rapid r ing  motions 
(Fig. 3 ) h a v e  bden reported for ferro- 
cytochrome c [26], two protease inhibitors 

homologous to BPTI [14] and several 
different chemical modifications of BPTI 
[14]. In alkaline phosphatase from E. coil, 
studies of the spin relaxation for fluorine- 
labelled tyrosines were also found to 
provide evidence for rapid ring rotations 
[29]. 

Theoretical considerations 
In the interior of globular proteins, the 

aromatic rings are usually part of densely 
packed hydrophobic regions; this is also 
observed in BPTI [10]. As is schematically 
illustrated in Fig. 4, ring rotation in the 
protein structures seen in single crystals 

would be opposed by close contacts with 
surrounding groups. The activation barriers 
for ring rotatioh resulting from these non- 
bonding interactions would be unrealistic- 
ally high in a rigid protein structure [5,7]. 
On the other hand,  realistic activation 
energies have been obtained in model 
calculations simulating a flexible conforma- 
tion of BPTI [5,7]. 

The close agreement between the activa- 
tion barriers measured by NMR and 
calculated ones indicates that the assump- 
tions of the theoretical models [5,7] are 
quite realistic. These studies imply that the 
ardmatic ring rotations observed by NMR 
are possible only in flexible protein 
structures. Furthermore, inspection of the 
structures obtained by the energy refine- 
ment procedures showed that the perturba- 
tions of the protein structure by the ring 
rotations were localized in the immediate 
ring environment, i.e. essentially within a 
sphere of radius 6 A about the center of the 
ring [7]. The thermally populated rotation 
states of the aromatic residues occur in 
only a narrow range near the 'average 
orientation seen in the energy refined X-ray, 
structure. As a consequence, the rotational 
ring motions manifested in the NMR 
spectra must correspond to 180 ° flips about 
the c~-C ~ bond between two symmetry- 
related equilibrium orientations [3,4,7]. 

NMR view of mobility in BPTI 
The principal experimental observations 

on the BPTl-related proteins are as follows 
[14]: (i) The amide proton exchange rates 
are outstandingly slow compared to other 
proteins, with life times of the order of 
several years for the most slowly exchang- 
ing protons in BPTI at neutral pD and 25* 
[16,17]. Nevertheless, the observed ex- 
change of some interior, labile protons as 
well as the rotational motions of the 
aromatic rings [3-5,7] imply some flexibility 
of the protein conformation. (ii) The amide 
proton exchange rates are correlated with 
the thermal stability of the globular 
conformation: in proteins With lower 
denaturation temperatures, the amide 
proton exchange is faster. The order of the 
relative exchange rates for the individual 
amide protons is nearly the same in all the 
proteins. (iii) At the denaturation tem- 
perature (60°C to >95°C depending on the 
particular protein), the interchange between 
globular and denatured .protein is slow on 
the NMR time scale [12]. In particular, it is 

.slow compared to the flip frequencies of all 
but one of the aromatic rings in the 
proteins. (iv) The rotational motions of the 
aromatic rings are not correlated with the 
thermal stability of the protein or with 
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Fig. 3. Temperature dependence o f  the aromatic resonances in the 360 M Hz t H-NMR spectrum o f  BPTI. 
For Tyr 35 and Phe 45, the spectra are individually simulated and the flip rates at different temperatures 
obtained from die best fit with the experimental data are indicated. In the experimental spectrum at 4 °, 
the resonances o f  four protons o f  Phe 45 ((3) and two protons o f  Tyr 35 ( A )  are readily recognized, 
whereas the other lines are inasked by resonances o f  the other aromatics in the protein. Most o f  the 
resonance lines o f  Phe 45 and Tyr 35 are also resolved in the spectra at higher temperatures and the 
transitions from slow to rapid ring flipping is readily apparent. 

the exchange rates of the amide protons: 
identical flip frequencies are found for a 
given ring in different proteins, unless the 
immediate ring environment has been 
affected by the protein modification. 

Earlier investigations of amide proton 
exchange in globular proteins have resulted 
in the suggestion that the exchange occurs 
via 'unfolding equilibria' that prevail even 
at temperatures far below the denaturation 
transition of the native protein [30]. 

kl k3 k= 
C(H)~---O(H) ' O(D)~.,..~- C(D). (1) 

k= =H=O kz 

In this model, exchange of interior amide 
protons with deuterium of the solvent, 
=H=O, occurs, f rom the open structures 
O(H) with the rate ks. 'Unfolding' of the 
dosed form C(H) produces O(H). Depend- 
ing on the relative rates for the closing of 
the protein, ks, and the acid/base catalyzed 
exchange of exposed amide protons in the 
open forms, ks, the overall proton ex- 
change rate kex may be governed either b~' 
an EX x or an EX= mechanism. 

EXI mechanism: ka > >  k=; kex = kz.(2) 

EX= mechanism: ks > >  ks; kex = 
(k~/ks)ka. (3) 

For BPTI at room temperature, an EX 2 
mechanism was indicated by the pH 
dependence of kex in the range from pH 
0.5 to I 1.0 [14]. Previously it was concluded 
that the open structures O(H) which allow 
exchange of the most stable amide protons, 
are identical with the unfolding products 
obtained by' thermal denaturation [31]. 
The NMR data lead to a different view of 
the structural species in eqn (1): The lack 
of any correlation between the frequencies 
of the 180" flips of the aromatic rings and 
the amide proton exchange 'rates shows 
that the rotation of the aromatic rings is 
independent of the unfolding equilibria 
that permit exchange. The local environ- 
ment of the individual aromatic rings in the 
protein must hence be preserved through- 
out the reaction scheme ofeqn 1. This and 
kinetic evidence [12,14] indicate that the 
open forms O(H) required for amide 
proton exchange do not include structures 
corresponding to the thermally denatured 
protein. It was shown that these observa- 
tions can also provide insights into the 
cooperative mechanisms leading to denatu- 
ration of globular proteins. 

A.dynamie model for globular proteins 
The experimental evidence, combined 

with the~theoretical studies o/ring rotation, 

suggests that the 'globular solution con- 
formations' of the BPTI-related proteinS 
are best deseribe-d as dynamic ensembles 
of all the rapidly interconverting structural 
species C(H) and O(H) involved in the 
amide proton exchange (eqn 1). According 
to the Boltzmann !aw the thermal popul a- 
tion of species closely related to C(H) is 
much higher than the population of more 
open forms. The observation that the 
hydrophobic pockets which enclose the 
aromatic rings are preserved, independent 
of the unfolding reactions which allow 
amide proton exchange, suggests that 
exchange occurs predominantly by trans- 
lational and rotational motions of intact 
hydrophobic domains relative to each 
other. Such fluctuations would open 
primarily the hydrogen bonded secondary 
structures which link the different hydro- 
phobic pockets [10]. Independently, the 
mobility of the. aromatic rings would be 
correlated with the internal structural 
flexibility of the individual hydrophobic 
domains. 

The many-parameter characterization of 
internal motions in globular proteins by 
high resolution NMR provides a consider- 
ably more detailed description of interior 
parts of the molecules than that implied 
from terms such as 'fluid~like' [8] or 
'continuous visco-elastic' [6] that were 
suggested in interpretations of theoretical 
model studies. Domains of hydrophobic 
stability may play an essential role as 
pillars in the architecture of protein 
molecules, a role so far assigned solely to 
the regular secondary structures adopted 
by the polypeptide backbone. 

The amplitudes of the structural fluctua- 
tions required for aromatic ring flipping 

Fig. 4. View along the C~-C'¢ bond o f  an aromatic 
ring in the interior o f  a globular protein. In the 
densely packed structure, 180 ° ring flips about the 
C~-CY bond require concomitant displacements 
o f  the surrounding groups o f  atoms [7]. Note that 
in reality the ratio o f  ring diameter and tkickness 
is considerably smaller than indicated here; the 
ring diamter is ,'.,6.0 if, the diameter N3.4  .il. 
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Fig.1. ’ H NMR spectrum at 360 MHz between 5 and 8 ppm 
of the basic pancreatic trypsin inhibitor (BPTI) at 34°C. The 
spectrum corresponds to a 0.01 M solution of BPTI in D,O, 
pD = 1.8, where the labile protons had previously been replac- 
ed by deuterium by heating the solution to 85°C for 5 min. 
The lower trace shows the contributions to the spectrum 
from the 4 tyrosyl residues, which have been computed from 
the previously reported resonance assignments [ 81. 

four tyrosines gives rise to an AA’BB’ type ‘H NMR 
spectrum. The lower trace in fig. 1 corresponds to the 
sum of the resonances of the 4 tyrosyl residues com- 
puted from the data in ref. [8]. Subtracting the 
tyrosine resonances from the experimental spectrum 
then leaves one with the resonances corresponding 
to the 4 phenylalanines in BPTI. At 34°C these are 
thus found to cover the spectral range from 6.6 to 
7.8 ppm, and to contain at least 5 lines with the 
intensity of one proton. This in turn indicates that 
on the NMR time scale the rotational motions of 
at least one of the phenylalanine rings in BPTI are 
essentially restricted to the motions of the entire 
molecule. This will in the following be confirmed by 
investigating the temperature dependence of the ‘H 
NMR spectrum, which will also explain why a rather 
small overall intensity is found for the aromatic 
resonances observed at ambient temperature (fig. 1). 

Fig.2 shows the temperature dependence of the 
resonances of the aromatic protons in BFTI between 
4°C and 81°C. It is readily seen that quite extensive 
changes occur before the overall denaturation sets in 
at around 80°C [3,6], and that variations with tem- 
perature can be observed throughout the spectral 
region from 6.5 to 8.5 ppm. In the present preliminary 

I I I I I 
8 : PPNl 6 

Fig.2. Temperature dependence between 4°C and 81°C of 
the spectral region from 5 to 9 ppm in the 360 MHz ’ H NMR 
spectrum of a 0.01 M solution of BPTI in D, 0, pD = 18. 
Prior to these experiments, the labile protons had been 
replaced by deuterium. 

discussion of the data of fig.2, we shall, however, 
concentrate on a few selected temperature dependent 
features which are particularly well resolved in the 
spectra, and at the same time pertinent for the de- 
scription of the solution conformation of BF’TI. 

The structural information to be derived from the 
data of fig.2 concerns mainly the mobility of the 
aromatic rings in BPTI, and is obtained from the 
following symmetry considerations. Two pairs of 
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protons in the positions 2 and 6, and 3 and 5, respect- 
ively, of the aromatic rings of tyrosine and phenyl- 
alanine are related by a Cz symmetry operation about 
the axis given by the Co-Cr bond. 

I 
2 3 

H-C-@H2 - 0 1’4 - 
6 5 

In view of the non-periodic distribution of structural 
elements in the interior of globular proteins, chemical 
shift equivalence of the protons 2 and 6, and 3 and 5, 
respectively, will in most cases only be compatible 
with a dynamic situation where the aromatic rings 
would flip about the Cp-Cr axis at a rate which is 
rapid on the NMR time scale. Observation of an 
AA’BB’ type ‘H NMR spectrum for tyrosine, or an 
AA’BB’C type spectrum for phenylalanine is there- 
fore indicative of a mobile aromatic ring. On the other 
hand the appearance of single proton resonance lines 
for tyrosine, or more than one single proton line for 
any given phenylalanine implies that the rings are 
quite rigidly fixed in the protein molecule. 

To the extent that they can be recognized as resolv- 
ed lines, the tyrosine resonances (fig. 1) are almost 
independent of temperature between 4°C and 72’C 
(fig.2). The only temperature dependent feature of 
those resonances between 6.0 and 7.0 ppm which had 
been assigned to tyrosine protons [8] is a small chem- 
ical shift between the two two-proton doublet reso- 
nances which are both at 6.76 ppm at temperatures 
below 50°C and give rise to a 3 line structure at 
higher temperature. The observations in fig.2 are 
thus compatible with the earlier assignments of the 
tyrosine resonances [8], and support the conclusion 
that the tyrosine rings are rotating about the C?-CT 
axis at a rate which is rapid on the NMR time scale 
at ambient temperature. 

Following fig. 1, the resonances between 7.4 and 
8.5 ppm correspond to phenylalanine ring protons. 
At 4’C, this spectral region contains five one-proton 
lines at 7.48, 7.58, 7.67, 7.78, and 8.22 ppm, where 
the resonances at 7.58 and 8.22 ppm are markedly 
broader than the other three lines (fig.2). Whereas 
the latter are essentially independent of temperature 
between 4°C and 38°C the lines at 7.58 and 8.22 
ppm first broaden, then disappear, and finally merge 

into a single resonance of intensity corresponding to 
two protons at 7.90 ppm. This new resonance at 7.90 
ppm is quite broad at 38’C, and sharpens as the 
temperature is further increased. Spectral variations 
with temperature which would occur simultaneously 
with those involving the lines at 7.58, 7.90, and 8.22 
ppm, could only be detected between 7.1 and 7.4 
ppm, where the bulk of the phenylalanine ring proton 
resonances are usually located. On the basis of the 
symmetry considerations presented above we conclude 
that the two lines which are at 7.58 and 8.22 ppm 
at 4°C correspond to a pair of 2,6- or 3,5-protons of 
phenylalanine. The life time with respect to 180” 
‘flips’ about the Cfl---CT axis of one phenylalanine 
ring in BPTI can thus be estimated to be of the order 
1 X lo-* set at 4°C and 8 X 10e4 set at 38°C. 
Considering the temperature dependence of the lines 
at 7.58 and 8.22 ppm, the origin of the above men- 
tioned apparently reduced overall intensity of the 
aromatic resonances at ambient temperature is now 
also quite apparent. 

There are four resonance lines at 7.79, 7.48, 6.87, 
and 6.67 ppm which consecutively broaden and 
disappear when the temperature is raised from 38°C 
to 72°C (fig.2). Homonuclear INDOR experiments 
indicated that these four lines come probably from 
the same aromatic ring. However, considering the 
additional spectral changes between 7.1 and 7.4 ppm 
when the temperature is raised from 38°C to 72°C 
we cannot at this point definitely rule out that there 
might be two aromatic residues which would acciden- 
tally show a very similar temperature dependence. We 
conclude that there is one, possibly two aromatic 
rings in BPTI which have at 38°C a life time of the 
order 1 X 10-l set with respect to 180”-flips about 
the C@-Cr bond. 

There is an additional resolved one-proton line 
at 7.67 ppm which does not vary with temperature 
between 4’C and 65°C. On the one hand this line 
could correspond to any proton of an aromatic ring 
which would be immobilized in the protein over this 
temperature range. On the other hand it could also 
be that it corresponds to the Cq proton of one of 
the phenylalanines, in which case the dynamic state 
of the ring would not necessarily be manifested in 
this NMR line. 

With the possible exception of some features at 
temperatures above 65°C where denaturation sets 
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(2) ,  when the effect of electron-withdrawing substituents on the arnidc 
group is taken into account, 

It should be noted also that the displacement of the p D  a t  which the 
minimum in exchange rate is observed, from 5.4 (N-methylacetamide) 
to 2.4 (GlyaGly) with very little accompanying change in the minimal 
rate, proves that protonation on oxygen in tlie amide group is not a 
pathway to acid-catalyzed exchange, as is the case, for example, in tlie 
following reaction sequence: 

/? OH 
/ 

\\ 
+ q0 ---C + PH,O+ 4 - C  + H*kI,O+ 

/OH 
\;**- N- NH- (4) 

\ 
+ H,O+ Z Z  -C 

/P 
-C 

\ 
N P -  

In  reaction (4) the amide group acts first as a base in adding H+ to 
oxygen, and then in a rate-determining step as an acid in transferring 
H+ from nitrogen to H,O. Changes in eIectron-withdrawing substituents 
next to the amide group, as in the series N-methylacetamide, GlyaGly, 
and Ala.Gly.Gly, should increase the acid strength of nitrogen almost 
as much as the base strength of oxygen is decreased, and should therefore 
leave the rate of exchange a t  any given pD essentially unchanged in the 
series. This prediction is contrary to the 1000-fold variation in ex- 
change rate observed. 

C. Poly-DL-alanine 

H-D exchange in poly-DL-alanine was first investigated by Berger and 
Linderstrgm-Lang (1957) in order to learn how an  a-helix would ex- 
change its labile hydrogen atoms in aqueous solution. They interpreted 
their results, that  showed that nearIy half of the labile hydrogen atoms 
exchanged very much faster than the others, in terms of a highly motile 
a-helical model in which peptide-group hydrogen atoms were frequently 
exposed to solvent, and in which the rate of exchange of a peptide-group 
hydrogen atom involved in hydrogen bonding in the helix could be 
neglected. In  order to extend these studies, further H-D exchange 
work on poly-DL-alanine was initiated by Linderstrgm-Lang and Nielsen, 
who used an infrared technique (Section I I ,B , l ) .  Contrary to what 
had been expected, it was found by Bryan and Nielsen (1960), working 
with thc same batch of poly-DL-alanine used by Berger and Linderstrflm- 
Lang (1957), that (1) all peptide-group hydrogen atoms appeared to 
exchange with the same first-order rate constant, ( 2 )  the exchange rate 
was of the same order of magnitude as that found with simple di- and 
tripeptides, (3) additions of urea and dioxane had only a small effect 
on the exchange rate, (4) the rate of H-D exchange in poly-a-L-glutamic 

Hvidt e Nielsen (1966)

NHincompetente NHcompetente ND
kop

kcl

kint

ΔGop = -RT ln(kop/kcl) = - RT ln(kobs/kint)

EX1: kobs = kop

EX2: kobs = kint (kop/kcl)



Experimentos de cinética de troca H/D (HDX) usando RMN

kobs = Kkint 
log(P) P=kobs/kint 



Wüthrich, K. (2003) Angew. Chem. Int. Ed. 42: 3340-3363.



Múltiplos tipos de movimento

• Bond vibration (fs) 

• Loop motions (ns - μs) 

• CH3 motion (ps - ns) 

• Aromatic ring flipping (ps - ms) 

• Domain motions (μs - ms)



6.Proteínas podem ser intrinsecamente desordenadas (IDPs)

Algumas proteínas são naturalmente desenoveladas
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detection. Protein domain detection relies on hidden Markov
models,22 which is not the best approach for identifying short
sequences, and therefore domain annotation tends to focus on
larger sequence regions. In contrast, linear motifs in the ELM
database are biased toward short binding modules (∼3−10
amino acids48,125) as these are more straightforward to annotate.
Finally, the tendency of MoRFs and preformed elements to
undergo disorder-to-order transitions and the statistics used for
their detection means that these features tend to be slightly
longer than annotated linear motifs.
Thus, although there are differences in the definitions of linear

motifs and MoRFs, they share many common features72,163

including a tendency to undergo disorder-to-order transition (all
MoRFs by definition and ∼60% of LMs48), an enrichment in
IDRs (MoRFs by definition and ∼80% of LMs are in IDRs48,72),
and a tendency to promote complex formation.48,100,122

Intrinsically disordered domains (IDDs) can also have significant
overlap with MoRFs and linear motifs. For example, the WH2
domain is considered an IDD158 and is also defined as a motif in
the ELM database.125 One feature that is probably more
common in IDDs is that some are not only capable of binding
to well-folded, structured domains (a mechanism shared with
motifs and MoRFs), but can also bind each other in a process of
mutually induced folding. For example, the nuclear coactivator
binding domain (NCBD) of CREB-binding protein (CBP) and
the activator for thyroid hormone and retinoid receptors
(ACTR) domain of p160 are both disordered on their own but
upon interaction form a complex by mutual synergistic
folding.164 The overlap between linear motifs and MoRFs
especially, but also IDDs, suggests that these functional features
are different states in the same continuum of binding
mechanisms involving disordered regions.

4. STRUCTURE
Intrinsically disordered regions and proteins show a wide variety
of structural subtypes. These different types of disorder can be
characterized using an array of experimental techniques (Box 2),
and several resources collect computationally identified and
experimentally verified disordered regions (Box 1). The

following section discusses classification schemes that are
based on structural features of disordered proteins.

4.1. Structural Continuum

Proteins have been proposed to function within a conformational
continuum, ranging from fully structured to completely
disordered.37 The spectrum covers tightly folded domains that
display either no disorder or only local disorder in loops or tails,
multidomain proteins linked by disordered regions, compact
molten globules containing extensive secondary structure,
collapsed globules formed by polar sequence tracts, unfolded
states that transiently populate local elements of secondary
structure, and highly extended states that resemble statistical coils
(Figure 8). In this model, there are no boundaries between the
described states and native proteins could appear anywhere within
the continuous landscape. IDRs are highly dynamic and fluctuate
rapidly over an ensemble of heterogeneous conformations (see
section 4.2).165 Thus, an IDR may fluctuate stochastically between
several different states, transiently sampling coil-like states, localized
secondary structure, and more compact globular states. Transient
localized elements of secondary structure (most often helices) are
common in amphipathic regions of the sequence and potentially
play a role in binding processes.92 The structural characteristics and
populations of the individual states in the conformational ensemble
and the degree of compaction of the polypeptide chain are
determined by the nature of the amino acids and their distribution
in the IDR sequence (see section 5.1).166−168 For example, low and
high average charges typically lead to disordered globules and
swollen coils, respectively.166,167

4.2. Conformational Ensembles

Disordered regions in the native unbound state exist as dynamic
ensembles of rapidly interconverting conformations,165,169,170

which can be described by relatively flat energy land-
scapes.99,171,172 Conditions, post-translational modifications,
and binding events (see section 6) change the relative free
energies of individual conformations as well as the energy
differences between conformations.99,173−176 As a result, the
populations of individual conformations within the ensemble

Figure 8. Schematic representation of the continuum model of protein
structure. The color gradient represents a continuum of conformational
states ranging from highly dynamic, expanded conformational
ensembles (red) to compact, dynamically restricted, fully folded
globular states (blue). Dynamically disordered states are represented
by heavy lines, stably folded structures as cartoons. A characteristic of
IDPs is that they rapidly interconvert between multiple states in the
dynamic conformational ensemble. In the continuum model, the
proteome would populate the entire spectrum of dynamics, disorder,
and folded structure depicted.

Figure 9.The protein quartet model of protein conformational states. In
accordance with this model, protein function arises from four types of
conformations of the polypeptide chain (ordered forms, molten
globules, pre-molten globules, and random coils) and transitions
between any of these states.

Chemical Reviews Review

dx.doi.org/10.1021/cr400525m | Chem. Rev. 2014, 114, 6589−66316601

van der Lee et al. (2014) Chemical Reviews doi: dx.doi.org/10.1021/cr400525m

Intrinsically Disordered Proteins (IDPs) e Intrinsically Disordered 
Regions (IDRs) apresentam diferentes graus de desordem

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


Enzimas exibem dinâmica no sítio ativo: A cadeia principal de 
resíduos no sítio ativo de uma peptidil-prolil-isomerase 
experimenta movimentos na mesma escala de tempo que o turn-
over (a escala de tempo importa)

revealed a global conformational exchange process that coincides with 
the chemical step of peptidylprolyl isomerization of the substrate on the 
enzyme36 (Fig. 2a, b). The dynamics of individual microscopic steps of 
the catalytic cycle were dissected (that is, binding and dissociation, and 
isomerization)35, and the collective nature of motions in a large dynamic 
network was experimentally characterized by studying proteins with 
various mutations36 (Fig. 2d). Strikingly, characteristic motions detected 
during catalysis are already present in the free enzyme with frequencies 
similar to the turnover numbers (the number of molecules of substrate 
converted to product by one enzyme site per second)36 (Fig. 2c). There-
fore, the dynamics are an intrinsic property of the enzyme that is ‘har-
vested’ for catalytic turnover36. We propose that this fundamental finding 
that free CYPA ‘pre-samples’ the conformational substates observed dur-
ing catalysis might be a general paradigm for enzymes.

Experimental low-resolution and local-site methods
In the era of atomic-resolution methods, the classical biophysical 
techniques of fluorescence, circular dichroism, absorbance, infra-
red spectroscopy, Raman spectroscopy and electron paramagnetic 
resonance have been treated as second-class citizens. However, these 
time-honoured methods are now having a renaissance, owing to an 
appreciation of their power to provide kinetic information that is com-
plementary to higher-resolution methods. These lower-resolution 
methods access a large range of timescales (Fig. 1b) with high preci-
sion, while providing information for one or a few sites or an average 
over the entire system. 

Here, we focus on one new and exciting area in this category, the 
application of fluorescence at the single-molecule level41–44. This tech-
nique brings to life a dream that biochemists have had for many years 
— watching a single protein molecule functioning in real time. The 
observed lifetimes of these states typically follow statistical exponential 
distributions, which are manifested at the macroscopic level in the famil-
iar exponential kinetics that have been measured for ensembles. The 
strength of single-molecule methods is their ability to detect molecular 
heterogeneity, transient intermediates, rare events and the sequence of 
events, all of which might be hidden in population-averaged measure-
ments. Fluorescence methods can detect single molecules because of 
the high sensitivity afforded by optimized optics and fluorescent dyes, 
combined with efficient detectors and detection geometries. In addi-
tion, fluorescence resonance energy transfer (FRET) can serve as a 

‘spectroscopic ruler’45, allowing characterization of distance over time 
when experiments are carried out in a time-resolved manner. One of 
the limitations of single-molecule FRET is that only a single distance 
change is measured. When higher-resolution structural information is 
available, however, these distance changes can be interpreted in terms 
of possible corresponding conformational changes.

The power of single-molecule FRET to unravel the detailed molecu-
lar mechanism of an important multisubunit enzyme was elegantly 
demonstrated by Diez and colleagues for F0F1-ATP synthase46 (Fig. 3). 
This membrane-bound enzyme converts the electrochemical energy of 
a transmembrane proton gradient into chemical energy in the form 
of ATP. Using the intact protein complex in vesicles (liposomes), the 
stepwise rotation of the γ-subunit driven by the proton gradient was 
followed in real time by single-molecule FRET (Fig. 3). The slow dif-
fusion of the particles, due to the size of the liposomes, allowed meas-
urements over hundreds of milliseconds. Strikingly, the experiment 
captured several rotational steps between three distinct FRET levels 
in a specific order. The order of switching was reversed during ATP 
synthesis, relative to ATP hydrolysis. This heroic single-molecule FRET 
study provided insights into the mechanism of catalysis that could only 
be obtained by single-molecule experiments, owing to the consecu-
tive and progressive nature of the dynamics involved. An important 
feature exposed by such single-molecule experiments is that the actual 
transition between the substates is fast (faster than the time resolution), 
whereas the observed ‘slowness’ of switching arises from the low prob-
ability of transitions (Fig. 3c). 

Computational methods
Computation has the unbeatable edge in that it can describe protein 
dynamics completely: the precise position of each atom at any instant in 
time for a single protein molecule can be followed, along with the cor-
responding energies, provided that at least one high-resolution struc-
ture is known as a starting point. Although conformational substates 
(located in energy wells) and their rates of interconversion can be 
detected experimentally (as described earlier), an atomic-resolution 
structural description of the ‘climb from one valley to another’ (the 
transition pathway) is out of experimental reach, owing to the extremely 
low probability and short lifetime of the high-energy conformers. Com-
putational methods would be able to overcome these limitations if a 
perfect description of the protein–solvent system could be provided by 
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Figure 2 | Microsecond-to-millisecond protein dynamics are necessary 
for catalysis and are an intrinsic property of CYPA as shown by NMR 
relaxation dispersion experiments. a, Global fit of NMR relaxation 
data for representative 15N backbone amides and 13C methyl groups 
in CYPA (denoted by different shapes) during catalysis of the peptide 
N-succinyl-Ala-Phe-Pro-Phe-p-nitroanilide is shown. R2eff is the overall 
transverse relaxation rate, and νCPMG is the applied effective magnetic field. 
b, During catalysis of the peptide (green) by CYPA, residues undergoing 
conformational exchange at the rates shown in the reaction scheme 
are plotted on the structure (red). Residues in one loop (blue) undergo 
exchange at a faster rate. Residues for which there are no data are shown 
in grey. ES denotes enzyme with substrate, and ω denotes chemical shift. 
The rate constant for cis to trans isomerization is denoted kct; and for 

trans to cis isomerization, ktc. c, Analysis of the free enzyme, E, reveals a 
striking correspondence in the residues undergoing exchange on a similar 
timescale. Moreover, agreement between the chemical-shift differences of 
the exchanging species (between ωEScis

 − ωEStrans
 and ωEmajor

 − ωEminor
) implies 

that exchange occurs between the same two states in each case and that 
the substrate merely shifts a pre-existing equilibrium. The rate constants 
for the forward and reverse reaction are denoted kfor and krev  , respectively. 
d, Residues that build a common dynamic network (displayed as van der 
Waals radii, red) were identified by measuring chemical-shift changes 
between the wild-type protein and mutant proteins in which either Arg 55 
or Lys 82 was mutated to alanine (residues shown in black). These chemical-
shift changes are caused simply by shifting the pre-existing equilibrium. 
(Figure reproduced, with permission, from ref. 36.)
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(vermelho) resíduos que experimentam kex ~ kct + ktc

(azul) resíduos que experimentam movimentos mais rápidos
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Como dinâmica poderia ser importante para a função 
biológica de uma proteína?

Keul, N.D., Oruganty, K., Schaper Bergman, E.T. et al. Nature 563, 584–588 (2018). 

The entropic force generated by intrinsically disordered segments tunes protein function.



IPDs podem formar condensados por 
separação de fase líquido-líquido…

Banani, S., Lee, H., Hyman, A. et al. (2017) Nat Rev Mol Cell Biol 18, 285–298

IDPs podem formar 
estruturas mais 
organizadas como fibras 
amilóide (Abeta42)

Robert Griffin and co-workers (2016) J Am Chem Soc 138, 9663-9674


