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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- 
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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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“Flipping” de anéis aromáticos 
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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)
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ARTICLES 
Protein dynamics investigated by the neutron 

diffraction-hydrogen exchange technique 
A. A. Kossiakoft 

Department of Biology, Brookhaven National Laboratory, Upton, New York 11973, USA 

A new approach, using neutron diffraction and the hydrogen exchange (H/ D) technique, has been used to study the 
extent and nature of the inherent conformational fluctuations in the protein, trypsin. The observed pattern of exchange 
was used to investigate systematic relationships between exchangeable sites and structural and chemical properties of 
the molecule. Results of this analysis indicate that hydrogen-bonding structure is the dominant factor governing rates of 
exchange. The model of conformational mobility which best explains the experimental findings involves a localized 
disruption of the secondary structure within different regions of the protein molecule, each limited in extent to the breaking 
of a small number of hydrogen bonds. 

STRUCTURAL and chemical investigations have clearly 
demonstrated that, despite their high degree of hydrogen and 
hydrophobic bonding, proteins are far from rigid matrices of 
atoms and have certain component segments which exhibit 
considerable dynamic mobility1

-
5

• Because of their fundamental 
importance to the understanding of biological processes6

--8, 

the dynamical properties of proteins have recently been the 
subject of intense study by a variety of methods. However, 
important issues remain concerning the effects of protein 
folding on the extent and nature of its dynamical motions. 

I report here a study of the mobility characteristics of trypsin, 
a 223 amino acid protein, by coupling the hydrogen exchange 
(H/D) technique with neutron diffraction. Since its introduction 
by Linderstrom-Lang and his colleagues9

'
10

, the H/D exchange 
method has been widely recognized to have great potential as 
a probe for protein conformational change (for detailed dis-
cussions of the potential applications of the H/D method to 
evaluating protein dynamics see refs 2, 11-14). H/D exchange 
has major advantages over other labelling techniques in that a 
deuteron has a negligible space requirement and has chemical 
properties nearly equivalent to those of the proton it replaces 
in the structure. Further, potentially labile sites are distributed 
throughout the molecule and therefore probe the dynamical 
properties of the whole structure. 

Kinetic studies have shown that H to D exchange rates of 
peptide NH groups in a protein can differ by as much as 10 
decades12

• It has been generally supposed that the groups which 
exchange at rapid rates similar to those characteristic of small 
molecules are those located on the surface of the protein and 
hence in direct contact with the solvent. Conversely, the groups 
which exchange much more slowly are assumed to be located 
in the interior of the protein and involved in internal hydrogen 
bonding11

'
12

• 

It is generally accepted that in the conditions of this experi-
ment (pH 7), the exchange reaction is catalysed by the presence 
of hydroxyl ion. However, little is known about other relation-

0028-0836/82/160713-09$01 .00 

ships between the exchange chemistry and the dynamical 
properties of proteins. For instance, the size of the solvent unit 
required to facilitate the exchange process is an open question, 
a situation which has led to the postulation of two distinct 
stereochemical models for exchange. One model, which will be 
referred to as the cooperative or local unfolding mechanism, 
is described by a transient, cooperative unfolding of a segment 
of secondary structure"-13

• Access to the exchangeable protons 
is assumed to be accomplished by the extrusion of the chain 
into the bulk solvent where the exchange reaction can proceed 
by normal water chemistry. In the second model, the penetra-
tion mechanism, it is assumed that the exchange reaction takes 
place, shielded completely from the bulk solvent, within the 
tightly packed interior of the protein. It is proposed that the 
necessary solvent molecules can be diffused through the protein 
to the interior sites via pathways opened by local atomic 
fluctuations14 or by mobile defects in the protein packing15

• 

A variation of local unfolding is introduced here and termed 
'regional melting'. It differs from the mechanism described above 
in that exchange does not require the chain to be extruded into 
the bulk solvent. In this variant, the reconformation process is 
limited to the cooperative breaking of several hydrogen bonds, 
resulting in the formation of a solvent-filled cleft in the protein 
surface. The exchange is assumed to take place within the cleft 
if the cleft is sufficiently large to permit the solvent molecules 
to arrange themselves in a stereochemically productive orienta-
tion with respect to the exchange site. Although the solvent 
molecules within the clefts cannot be considered to have 
chemical properties identical to the bulk phase, they are 
assumed to be contiguous to the bulk solvent. 

Unfortunately, previous H/D exchange experiments have 
been unable to relate exchange rates with specific groups or 
even regions of polypeptide chain, thus limiting the usefulness 
of exchange methods in elucidating the factors responsible for 
protein conformational mobility, and the mechanism of the 
exchange reaction. 
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Recently, the application of NMR spectroscopy16-18 and 
chemical analysis 13·19·20 to H/D exchange has begun to provide 
data relating exchange rates to structural features. The present 
article reports on the application of neutron diffraction to this 
problem. Two factors make this technique particularly suitable 
for providing a direct and quantitative approach to the measure-
ment of H/D exchange rates of specific sites. First, because 
it is a crystallographic technique, the precise location of each 
labile site in the well-ordered segments of the protein is known 
and can be examined directly in a neutron Fourier map. Second, 
because the amplitudes of hydrogen and deuterium scattering 
are of opposite signs (Fig. 1), the process of assigning a labile 
site as having either H or D character is quite a straightforward 
task, provided that the structure of the protein has been highly 
refined, as is the case for trypsin. 

As will be seen from subsequent discussion, the goal of this 
study is not simply to obtain dynamical information about the 
trypsin molecule per se, but to use trypsin's structural units, its 
/3-sheet and a-helix regions, its turns and loops, to investigate 
through H/D exchange how each type of unit reacts to the 
conformational mobility modes of the protein. Correlations 
between the exchangeability of a potentially labile site and four 
principal factors are examined: (1) the degree of local hydrogen 
bonding structure around the site, (2) its distance to the solvent, 
(3) the hydrophobic or hydrophilic character of adjacent side 
chains and (4) its observed vibrational motion (temperature 
factor). 

Crystalline proteins as models for dynamic 
studies 
It could be objected that, since diffraction methods are limited 
to the study of crystalline proteins, they might be expected to 
yield different results from studies of proteins in solution. The 
use of a crystalline system to model a dynamic phenomenon 
like conformational mobility is valid because a protein molecule 
in a crystal is highly solvated and has an environment very 
similar to that in solution21-23. Thus, crystallographic studies 
have shown that a protein crystal can best be described as an 
ordered and open array of molecules held together by a rela-
tively small number of intermolecular contact points. The inter-
stitial region between molecules generally makes up about 
one-half of the total crystal volume24, and is comprised of a 
network of continuous channels filled with solvent having 
properties analogous to bulk water23"25

'
26. Because of the extent 

of unoccupied volume in the crystal, ions and substrates can 
readily diffuse through the solvent channels to interact with the 
protein. Analysis of the extent of the solvent network in the 
trypsin crystal (=46% solvent by volume) revealed several 
channels having cavities as large as 18 A across. 

Fig. 1 Sections of a neutron density map taken in the plane of the peptide 
group. a, Fully exchanged peptide group, scattering length of D = + 6. 7 x 
10-13 cm; b, unexchanged peptide group, H= -3.8xl0-13 cm. In cases 
where partial exchange has taken place, the expected density at the H/D 
site is close to zero. This is because with H and D having scattering 
amplitudes of opposite sign, the composite scattering density tends to cancel 
in the Fourier summation. In the refinement, H/D sites were assigned a 
temperature factor based on that of the amide nitrogen, and occupancy 
factors alone were refined. In those regions of the structure with a high 
degree of thermal motion or local disorder, H/D ratios were not considered 

reliable and the affected residues are identified in Fig. 2 legend. 
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Given this structure, the protein molecules themselves would 
be expected to exhibit many of the chemical traits found in 
their fully solvated state. Particularly relevant to the present 
study are several investigations comparing the H/D exchange 
kinetics between crystalline and solvated protein systems27-30. 
The exchange properties of solution and crystal systems were 
found to be very similar, implying that accurate exchange infor-
mation can indeed be obtained from a crystalline protein system. 

To determine whether or not lattice packing forces at contact 
areas between adjacent molecules in the crystal produced a 
measurable degree of inhibition of the exchange reaction, the 
peptides involved in the principal contact zones were identified 
and their degrees of exchange examined. All but one of the sites 
were found to be completely exchanged (the lack of exchange at 
this site is probably due to its being in a /3-sheet structure and not a 
result of the contact), which demonstrated that such inhibition as 
might be encountered in the molecular contact regions was not 
significantfor the reaction time of this experiment. However, this 
analysis does not exclude the possibility that some of the more 
extensive modes of motion might in some ways be impeded by the 
lattice forces. 

Experimental procedures 
A 5-mm3 crystal of monoisopropylphosphoryl (MIP) trypsin 
was soaked in a D20 solution at pH 7 and 20 oc for -1 yr 
before data collection was begun. (The MIP group is a small 
covalently bound inhibitor which does not affect the tertiary 
structure of the protein31 .) Data to 1.8 A resolution (14,500 
reflections > 3u) were collected on a two-dimensional position-
sensitive detector system32 at the Brookhaven High Flux Beam 
Reactor. These data were processed by a method developed in 
this laboratory to deal specifically with the problems inherent 
in obtaining accurate intensity measurements from the weak 
neutron diffraction of protein crystals33. The initial phasing 
model was calculated by applying the appropriate neutron 
scattering lengths to the refined trypsin X-ray coordinates of 
Chambers and Stroud34. Refinement of the structure was carried 
out by the restrained difference Fourier technique, which 
involves the determination of proper atomic shifts by the 
curvature-gradient method and then the re-idealization of the 
structural parameters by an energy minimization routine. 
Details of these experimental procedures are reported else-
where31. The current trypsin model is highly restrained to 
ideal bond lengths and angles (r.m.s. error in bond lengths 
< 0.014 A, bond angles < 1.4°). After eight cycles of refinement 
the R factor is 19.2%. 

The peaks produced in a neutron density map by sites having 
intermediate exchange ratios (between 15% D-85% H and 
60% D-40% H) were found to give densities of a magnitude 
comparable with the general noise features of the trypsin map; 
therefore, prediction of relative exchange ratios between sites 
within this range cannot be made with statistical confidence. 
Accordingly, it is appropriate to subdivide the exchange ratios 
into three major categories: (1) unexchanged (0-15% D), (2) 
partially exchanged (15-60% D) and (3) fully exchanged (60-
100% D). Limiting the number of categories in this manner 
will retain the informational content of the H/D data while 
guarding against over-interpretation of the relevance of small 
changes in exchange ratio. 

Patterns of exchange 
The degree of exchange of the amide hydrogens, as determined 
from the neutron diffraction analysis, is represented schemati-
cally in Fig. 2. Three-dimensional views of the main-chain atoms 
of the molecule represented in space filling and ball and stick 
form are shown in Fig. 3, which illustrates the exchange pattern 
as a function of the structure and folding of the protein. Side-
chain groups were omitted to permit an unencumbered view 
of the intramolecular main-chain hydrogen bonding. 

In summary, of the 215 exchangeable amide groups, 68% 
were found to be fully exchanged, 8% partially exchanged and 
24% unexchanged. This corresponds to the cumulative result 

-Demanda um reator nuclear 
(fonte de neutrons)

-Um cristal de tripsina foi 
mergulhado em D2O

-1 ano a pH 7 e 20 ˚C

-Mecanismo de troca envolve 
flutuações locais, quebra de 
ligações de H
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the crystalline state (Pedersen et al., 1991; Gallagher et al., 1992) 
and even in  the dry state  (Desai et al., 1994). HX is being used to 
measure structure changes  in complexes of proteins with massive 
chaperonins (Okazaki et al., 1994; Robinson et al., 1994; Zahn 
et al., 1994), with antibodies  (Paterson  et al., 1990; Mayne et al., 
1992; Orban et al., 1994) and enzymes (Werner & Werner ,  1992; 
Jones  et al., 1993), in micelles (Thornton & Gorenstein, 1994), and 
even in whole active muscle (Rodgers  et  al., 1996). 

This article briefly reviews the development of these capabili- 
ties, their physical bases, and illustrates their utility for problems in 
contemporary structural biology. 

Hydrogen exchange methodology 

The peptide group NH hydrogens and  also  the polar side chain 
NHs and  OHs that hydrogen exchange  methods  measure  are uni- 
formly distributed throughout all protein molecules. Access to their 
exchange behavior can, in principle, provide detailed information 
at an amino acid-resolved level on protein structure, structure change, 
dynamics, and energetics. This information is encoded in the lan- 
guage of hydrogen exchange rates, within the immense dynamic 
range of rates over which the typical protein exchanges its various 
hydrogens. We need only record the stream of hydrogen exchange 
information that proteins continually and non-perturbingly emit 
and interpret these signals in terms of protein parameters. 

For many years, however, this level of resolution was beyond 
reach and  it was necessary to rely on methodologies that read out 
HX rate behavior in a summed, structurally unresolved way (Hvidt 
& Linderstrom-Lang, 1955a; Linderstrom-Lang, 1958; Englander 
& Englander, 1978). Attempts to increase the structural resolution 
available included the combination of tritium exchange labeling 
with protein fragmentation and HPLC separation methods (Rosa & 
Richards, 1979; Englander et al., 1985)  and the use of H-D  ex- 
change together with crystallization and neutron diffraction anal- 
ysis (Kossiakoff, 1982; Mason et  al., 1983). The development of 
multidimensional nuclear magnetic resonance (NMR) methods 
(Wuthrich, 1986; Ernst et  al., 1988; Bax, 1994) dramatically solved 
the problem of structural resolution (Wagner & Wuthrich, 1982) 
and made accessible the full power of site-resolved hydrogen ex- 
change. The analytical capability of NMR also made it possible to 
exploit the inherently powerful capability of hydrogen exchange 
labeling (Roger0 et al., 1986). In the labeling mode one can per- 
form direct hydrogen isotope labeling experiments under condi- 
tions most suitable  for  the question being asked, for  example under 
any of the  extreme conditions noted above. The structure-sensitive 
hydrogen isotope labeling pattern imposed during the experiment 
can then be trapped and read out under conditions most favorable 
for the NMR analysis. 

Methodological developments are continuing. The great poten- 
tial of mass spectrometry is being adapted to hydrogen exchange 
analysis (Anderegg & Wagner, 1995; Miranker et al., 1996; Zhang 
et al., 1996). A range of useful techniques employing various forms 
of spectroscopy or physical separation together with H-H, H-D, 
and H-T exchange are now available (listed in Englander et al., 
1996). Also important progress is being made in the interpretation 
of HX data, as suggested below. 

The physical  bases of protein hydrogen exchange 

Linderstrom-Lang and his colleagues considered various possible 
mechanisms that might underlie protein hydrogen exchange, in- 

cluding alternative penetration models (Bryan, 1970; Lumry & 
Rosenberg, 1975; Richards, 1979; Tsuboi & Nakanishi, 1979; Wood- 
ward et  al.,  1982)  and unfolding models (Wagner & Wuthrich, 
1979; Kossiakoff, 1982; Englander & Kallenbach, 1984) that have 
dominated thinking in this area in subsequent decades. He decided 
in favor of an unfolding mode (Hvidt  et al., 1960; Hvidt & Nielsen, 
1966), as pictured in  Figure 1. In this view, hydrogens involved in 
hydrogen bonds can  exchange only during the small fraction of 
time when the H-bond donor  and  acceptor  are transiently separated 
in a dynamic opening-closing reaction. There  is now strong sup- 
port for  this view. H-exchange occurs through a distinct chemical 
reaction in which the peptide group  is attacked by either a OH-  or 
H30+ ion. A hydrogen-bonded proton is sterically inaccessible to 
such a mechanism. For most purposes, the equations shown in 
Figure 1 connect the measured exchange rate (keJ with the free 
peptide chemical rate (kCh) and the equilibrium constant for the 
dominant opening, which may be any  one of the  kinds of openings 
pictured, since Kup = KIocal + KsubRlobul + KRlobol when the struc- 
ture is stable (i.e., Kup << 1). Lang favored the view that H-bonds 
might break individually, as in the local pathway in Figure 1, but 
he also later considered larger, more cooperative opening modes, 
following the work of John Schellman who had at that time launched 
his early investigations into protein cooperativity at the Carlsberg 
Labs. 

How is  one to decide which of the opening modes pictured in 
Figure 1 is  at work in any given case? In a stable protein, these 

W 

AG = -RT hKap 
Fig. 1. The unfolding model for protein hydrogen exchange. H-bonded 
hydrogens in a native protein (left) can exchange only when the H-bond 
donor and acceptor groups are separated in some transient, high energy 
unfolding reaction, which may represent a local fluctuation (bottom), a 
whole molecule unfolding (top),  or  some intermediate-sized opening (mid- 
dle). Exchange is governed by the equations shown in the commonly 
occurring EX2 case, where the structure is stable and reclosing is fast 
relative to the chemical exchange rate (kch) .  

Os NHs mais enterrados trocam por um mecanismo de  
desenovelamento global
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dynamic  modes  occur  at immeasurably low levels. A useful ap- 
proach to this problem is suggested by the classical melting ex- 
periment diagrammed  in Figure 2 (left). To evalute  the stability of 
a protein against unfolding, one commonly finds  it necessary to 
drive  the protein through its global unfolding transition at high 
temperature or denaturant concentration, as in  Figure 2. Through 
the transition zone  the unfolding equilibrium constant (K,,,,,) can be 
measured and  from  this the free energy for unfolding (AG = 
- RT In KUnf) and the dependence  of AG on denaturant concentra- 
tion can be obtained. A graph of  these data extrapolated to zero 
denaturant  provides  the free energy of stabilization (Pace, 1986). 
The slope of the extrapolated curve, the so-called m value given by 
-(13AG/dc)~,p, relates to the denaturant-sensitive surface exposed 
in  the unfolding reaction (Tanford, 1970; Schellman, 1987). 

This approach can be extended to the unfolding reactions that 
determine protein hydrogen exchange  (Kim & Woodward, 1993; 
Mayo & Baldwin, 1993; Bai et  al.,  1994a;  Bai  et  al.,  1994b; Qian 
et al., 1994). The data  shown  in  Figure 2(right) for  equine  cyto- 
chrome c (cyt c)  include results from classical melting experiments 
at high GdmC1.  At lower GdmC1, Figure 2 also  shows results for 
some of the slowest exchanging hydrogens in  cyt c, measured by 
NMR and processed through the equations in Figure 1 to yield AG 
values (Bai  et al., 1994b). The HX data produce a curve that 
smoothly joins the classical melting data. These slowest hydrogens 
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are so well protected in native cyt c that they can exchange only 
during the small  fraction of time when the protein transiently visits 
its globally unfolded state. Thus hydrogen exchange can measure 
the global unfolding reaction at conditions far below the melting 
transition, in  the region inaccessible to classical methods. A similar 
conclusion, obtained from HX experiments that differ somewhat in 
detail, has been obtained for a number of other proteins (Loh et al., 
1993; Orban et al., 1994; Perrett et al.,  1995;  Swint-Kruse & 
Robertson, 1996). 

It is interesting that  the  curve  derived  from HX data  in the region 
invisible to classical melting experiments diverges somewhat from 
the linear extrapolation usually used in melting studies (Pace, 1986). 
Possible reasons include the presence of residual protecting struc- 
ture in the unfolded protein at  low denaturant or effects imposed by 
site binding of denaturant (Tanford, 1970) or solvent displacement 
(Schellman, 1990). The results do make  it clear that HX pro- 
vides a means for evaluating protein stability and changes therein. 

This capability is promising-global unfolding can be measured 
under native conditions, using simple 1D NMR, perhaps even with 
larger proteins, without having to risk the uncertainties and diffi- 
culties often encountered  at  extreme denaturing conditions. Even 
more interesting is the fact that the method can be extended to 
study the free energy, surface exposure, and identity of smaller 
subglobal protein unfolding reactions. 

1 

GdmCl 
Fig. 2. Global unfolding measured  by classical melting and  by HX. In classical unfolding analysis (left panels), a  protein is carried 
through its melting transition  where the unfolding equilibrium  constant  and the AG for unfolding can be measured. The slope of a  plot 
of AG against  denaturant  concentration yields a  measure of surface exposure, the  m  value,  and the curve can  be  extrapolated to estimate 
the stabilization free energy at zero denaturant.  Data for cyt c (right) include classical melting results (open squares) and  results 
obtained from HX measurements of the slowest NHs, which exchange by way of transient global unfolding even under  native 
conditions (data at  pH 7, 50 “C). 
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Kap = Keq
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Experimentos de cinética de troca H/D (HDX) usando RMN

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


