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Long-Range Interactions Within 

a Nonnative Protein 
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Protein folding and unfolding are coupled to a range of biological phenomena, from 
the regulation of cellular activity to the onset of neurodegenerative diseases. 
Defining the nature of the conformations sampled in nonnative proteins is crucial 
for understanding the origins of such phenomena. We have used a combination 
of nuclear magnetic resonance (NMR) spectroscopy and site-directed mutagen- 
esis to study unfolded states of the protein lysozyme. Extensive clusters of 
hydrophobic structure exist within the wild-type protein even under strongly 
denaturing conditions. These clusters involve distinct regions of the sequence 
but are all disrupted by a single point mutation that replaced residue Trp62 with 
Gly located at the interface of the two major structural domains in the native 
state. Thus, nativelike structure in the denatured protein is stabilized by the 
involvement of Trp6Z in nonnative and long-range interactions. 
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Incompletely folded states of proteins are cou- 
pled to cellular processes such as protein syn- 
thesis, translocation across membranes, and sig- 
nal transduction [reviewed in (1, 2)]. In addi- 
tion, intrinsically unstructured proteins have 

'Massachusetts Institute of Technology, Department 
of Chemistry, Francis Bitter Magnet Laboratory, 170 

Albany Street, Cambridge, MA 02139, USA. 2Graduate 
School of Pharmaceutical Sciences, Kyushu Universi- 
ty, Fukuoka 812-8582, Japan. 3Oxford Centre for Mo- 
lecular Sciences, New Chemistry Laboratory, Univer- 
sity of Oxford, South Parks Road, Oxford, OX1 3QH, 
UK. 

*Present address: Institute for Software Research In- 
ternational, Carnegie Mellon University, Wean Hall 
4604, Pittsburgh, PA 15213, USA. 
tPresent address: Johann Wolfgang Goethe-Universi- 
ty, Center for Biological Magnetic Resonance, Insti- 
tute for Organic Chemistry, Marie-Curie-Strasse 11, 
D-60439 Frankfurt am Main, Germany. 
:Present address: Department of Chemistry, Univer- 
sity of Cambridge, Lensfield Road, Cambridge, CB2 
1EW, UK. 
?To whom correspondence should be addressed. E- 
mail: schwalbe@nmr.uni-frankfurt.de 

Incompletely folded states of proteins are cou- 
pled to cellular processes such as protein syn- 
thesis, translocation across membranes, and sig- 
nal transduction [reviewed in (1, 2)]. In addi- 
tion, intrinsically unstructured proteins have 

'Massachusetts Institute of Technology, Department 
of Chemistry, Francis Bitter Magnet Laboratory, 170 

Albany Street, Cambridge, MA 02139, USA. 2Graduate 
School of Pharmaceutical Sciences, Kyushu Universi- 
ty, Fukuoka 812-8582, Japan. 3Oxford Centre for Mo- 
lecular Sciences, New Chemistry Laboratory, Univer- 
sity of Oxford, South Parks Road, Oxford, OX1 3QH, 
UK. 

*Present address: Institute for Software Research In- 
ternational, Carnegie Mellon University, Wean Hall 
4604, Pittsburgh, PA 15213, USA. 
tPresent address: Johann Wolfgang Goethe-Universi- 
ty, Center for Biological Magnetic Resonance, Insti- 
tute for Organic Chemistry, Marie-Curie-Strasse 11, 
D-60439 Frankfurt am Main, Germany. 
:Present address: Department of Chemistry, Univer- 
sity of Cambridge, Lensfield Road, Cambridge, CB2 
1EW, UK. 
?To whom correspondence should be addressed. E- 
mail: schwalbe@nmr.uni-frankfurt.de 

been predicted to be common within the ge- 
nomes of all organisms (3). Unstructured and 
partially folded conformations of proteins are, 
however, prone to aggregate and have been 
implicated in a wide range of diseases (4). The 
structural and dynamic characterization of non- 
native states of proteins is therefore crucial for 
understanding these processes in addition to 
being fundamental to an understanding of pro- 
tein folding itself. 

Nonnative states of proteins are ensem- 
bles of conformers, the individual members 
of which may differ substantially in their 
structural and dynamic properties. Conforma- 
tional sampling of denatured proteins can be 
significantly restricted, and the existence of 
"compact states" has been postulated to occur 
(5-9). In some cases, specific experimental 
structural information has been obtained al- 
though in general this information is either 
indirect or highly localized. An important 
question relating to all nonnative states is the 
extent to which long-range interactions are 
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important in the stabilization of nonrandom 
interactions. We use site-directed mutagene- 
sis and NMR spectroscopy to show that long- 
range nonnative interactions stabilize native- 
like hydrophobic clusters in lysozyme. 

A wide range of approaches has been de- 
veloped to characterize nonnative states of pro- 
teins in atomic detail by NMR spectroscopy 
(10), and evidence for the presence of residual 
structure even under strongly denaturing condi- 
tions has been presented, see, e.g. (11-17). 
Residual structure appears to reside predomi- 
nantly in hydrophobic clusters, in which tryp- 
tophan or histidine residues are surrounded by 
other hydrophobic side chains (18-20). It has 
been postulated that hydrophobic clusters are 
stabilized by long-range interactions and may 
influence the folding of the protein, for example 
by acting as nucleation sites around which 
structure can be formed (16-18, 21). Hydro- 
phobic clusters have also been identified in 
nonnative states of hen lysozyme, in both the 
oxidized and the reduced form in 8 M urea at 
pH 2 [in the reduced protein the free sulfhydryl 
groups are blocked by methylation (16)]. 

Of the measured NMR parameters, chemi- 
cal shift values of HN and Ha, protons and 
transverse (R2) relaxation rates are the most 
direct indicators of residual structure. Here, we 
use such parameters to examine the reduced 
state of hen lysozyme in the absence of urea and 
then to investigate the structural changes result- 
ing from the replacement of residue Trp62 by 
Gly (W62G). HN and H, chemical shifts mea- 
sured for reduced and methylated wild-type 
lysozyme (WT-SME) in water are shown in Fig. 
1A along with data for WT-SME in 8 M urea 
(16). In WT-SME, significant deviations in 
chemical shifts of the HN resonances from ran- 
dom coil values (22, 23) can be seen for Gly22, 
Trp63, and Cys64, and of the HCX resonances for 
residues 19 to 32, 58 to 64, 119 to 124, and 106 
to 113. The largest differences are observed at 
positions 106 to 116, a result indicative of an 
increase in helical character for this region of 
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the sequence for the protein in water compared 
with it in urea; consistent with this conclusion is 
the observation from circular dichroism (CD) 
measurements of an 8% increase in helicity. 

Heteronuclear 15N R2 relaxation rates of 
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Fig. 1. (A) Comparison of perturbations of chemical shift values measured for reduced hen 
lysozyme (WT-SME) in water and in 8 M urea from chemical shifts measured in short unstructured 
peptides (A8 = expt -_ Brandom coil) (22, 23). (Top) A~HN for WT-SME in water (red line) and in 8 
M urea (blue line). (Bottom) ASHa for WT-SME in water (red line) and in 8 M urea (blue line). (B) 
Comparison of perturbations of chemical shift values measured for reduced hen lysozyme (WT- 
SME) and W62G. (Top) A5HN for WT-SME in water (red line) and for W62G-SME in water (blue line). 
(Bottom) A5Ha for WT-SME in water (red line) and for W62G-SME in water (blue line). 
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Fig. 2. Comparison of 15N 7694 1275 30 76-94 127 
transverse relaxation rates 3b 6 --------------- 
R2 in hen lysozyme. (A) 30 D E 
WT-SME in 8 M urea (pH 2) 
[data taken from (16)]. (B) 25 
WT-SME in water (pH 2). 20 i 
(C) W62G-SME in water 
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(pH 2) [data taken from\ / *\ ' 
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(pH 2). The experimental E 5 _ f 9 *? 
relaxation rates are shown 
as a scatter plot and, the 0 
rates fitted by a model of o 20 40 60 80 100 120 0 20 40 60 80 100 120 
segmental motion alone in Residue Residue 
the absence or presence of 
slow dynamics around the four disulfide bonds are shown as bold lines. The locations of the native 
disulfide bridges are indicated. Six clusters of residual structure were identified for HEWL-SME in 
water (B). Values obtained by statistical modeling are given in (24). 

in the central region of the protein sequence, 
with the terminal regions having shorter relax- 
ation rates. Simple models of a polypeptide 
chain, in which the physical properties of the 
chain are dominated by unrestrained segmental 
motion, predict this pattern of behavior (16). 
Thus the '5N relaxation properties of a given 
amide group are in general not markedly influ- 
enced by the identity of its neighbors, but pre- 
dominantly reflect the motional properties of 
the polypeptide main chain. The model allows a 
two-parameter fit of experimental relaxation 
rates when using an intrinsic relaxation rate 
Rintrinsic of an amide 15N nucleus and a per- 
sistence length (Xo) of the polypeptide chain 
[Web eq. 1 in supplementary material (24)]. 
The relaxation rates fitted by the model are 
indicated by the bold line in Fig. 2A. The best 
fit for the protein in water (Fig. 2B) corre- 
sponds to Rintrinsic of 0.20 s-' and Xo of 7 (in 
units of number of residues); in urea, the 
values were found to be 0.25 s-' and 7, 
respectively. Thus, WT-SME in water has the 
same chain stiffness as WT-SME denatured in 
urea (Xo = 7). The lower value for Rintrinsic of 
WT-SME in water compared with that in urea 
can be attributed to the differences in viscos- 
ity of the two solvent systems (25). 

Several regions of the polypeptide chain 
show larger '5N R2 relaxation rates than those 
anticipated from the model. These differences 
indicate the presence of nonrandom structure in 
the chain, attributable to the presence of clusters 
of hydrophobic side chains (26). Overall, the 
distribution of relaxation rates as a function of 
sequence could be described by a sum of the 
segmental motion and additional deviations 
centered around six clusters, which can be mod- 
eled as a Gaussian distribution [Web eq. 2 in 
(24)]. Although the locations of the regions 
showing such deviations are similar for the 
protein in the two solvents, their intensity and 
length are very different. In general, the devia- 
tions are larger for the protein in water than in 
urea. In particular, cluster 2 is much more pro- 
nounced and defined in water than in urea. This 
is consistent with the anticipated weakening of 
hydrophobic interactions in the presence of 
denaturant. 

Lysozyme contains two structural do- 
mains, the a domain, involving residues 1 to 
35 and 85 to 129, and the P domain, which 
comprises residues 36 to 84 (27, 28). The 
clusters are located in sequentially distinct 
regions along the polypeptide chain; the po- 
sitions are highlighted in Fig. 3. The largest 
clusters of residues from the relaxation anal- 
ysis correlate with the location of hydropho- 
bic residues in the sequence; tryptophan res- 
idues are involved in four of the six clusters: 
Trp28 (cluster 2), Trp62 and Trp63 (cluster 3), 
Trp'08 and Trp11' (cluster 5), and Trp'23 
(cluster 6). 

Elevated values of R2 relaxation rates are 
observed toward the NH2-terminus of the pro- 
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tein in water, notably for Ala9 to Ala1 (cluster 
1); these residues are located in the region of the 
sequence that forms the A helix in the native 
structure. High values of R2 are also found for 
Leu25 to Glu35 residues located in the B helix in 
the native structure (cluster 2) (Fig. 3B). Side 
chains from the A and B helices interact with 
each other in the native structure. Specifically, 
Ala9 is close to Leu25 and Val29; both of the 
latter residues are located on one face of helix 
B. On the other face of the B helix, there is a 
common interface with helix D (cluster 5) and 
the residues of the weak and extended cluster 4. 
Contacts involve residues Asn27 to Trp"', 
Trp28 to Trp108, Phe34 to Ala"?0, Phe34 to 
Arg"14, Glu35 to Trp108, and Glu35 to Ala?0. 
This interface brings into proximity residues 
that are linked in the native state by the forma- 
tion of a disulfide bond between Cys30 and 
Cysl5 in the oxidized protein. Trp'23 is close 
to Ala9 (cluster 1) and Val29 (cluster 2). Thus, a 
core of residual structure appears to be formed, 
even in the absence of disulfide bridges in 
WT-SME, by clusters 1, 2, 5, and 6 in what is to 
become the central region of the ax domain (Fig. 
3). A second core of residual structure is formed 
by cluster 3 located at the interface between the 
a and 13 domains in the native state. 

Kinetic refolding studies indicate that 
both domains achieve their nativelike struc- 
ture in folding intermediates formed before 
the development of the extensive tertiary in- 
teractions that span the two domains (29, 30). 
In the hydrogen exchange measurements, on 
which this conclusion is based, protection of 
amide hydrogens from exchange with solvent 
water occurs significantly faster for residues 
in the ax domain than for those in the a3 
domain. An exception is residue Trp63, 
whose amide hydrogen becomes protected as 
rapidly as most of the residues in the a 
domain, despite its location in the [3 domain 
of the native structure. This result suggests 
that the folding of Trp63 must be associated in 
some manner with the folding of the ax do- 
main. Rothwarf et al. showed in addition that 
Trp62 and Trp'08 are involved in nonnative 
tertiary interactions in intermediates populat- 
ed during the refolding (31); replacement of 
tryptophan residues by tyrosines at either of 
these two positions results in an increase in 
the rate of refolding relative to that of the 
wild-type sequence. Further evidence that 
Trp62 plays an important role in folding arises 
from the observation that chemical modifica- 
tion of this residue increases the propensity of 
the protein to misfold (32). It has also been 
shown that Trp62 is critical for the correct 
formation of disulfide bonds in peptide frag- 
ments,lacking residues 1 to 59 and 105 to 129 
(33). Furthermore, in a peptide fragment (36 
to 105) with native disulfide bonds, trypto- 
phan fluorescence spectra indicate that Trp62 
and Trp63 become exposed upon disruption 
of helical structure at position 88 to 98 
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through acetylation of Lys96 and Lys97, sug- 
gesting that Trp62 and Trp63 interact with 
residues 88 to 98 (34). 

In order to explore the tertiary interactions 
involving Trp62, '5N R2 relaxation rates were 
measured for a mutant protein with a single 
amino acid replacement, W62G. '5N R2 re- 
laxation rates for W62G-SME in solution in 
the absence of urea are shown in Fig. 2C. 
Remarkably, the marked deviations (Fig. 2B) 
from random coil behavior observed in the 
WT protein are virtually absent, although the 
parameters defining the underlying random 
coil behavior are unchanged (bold line in Fig. 
2, B and C). This result indicates that all the 
clusters of residual structure are substantially 
disrupted by the single amino acid replace- 
ment at the domain interface. It also reveals 
that Trp62 must be involved in extensive 
long-range tertiary interactions in the dena- 
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sic effect of cross-linking on the conforma- 
tional dynamics of the polypeptide chain in 
the vicinity of the disulfide bonds; the simu- 
lated effects of such motions are shown in 
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on the dynamics of the polypeptide chain in 
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ation in R2 values is substantially diminished 
as a result of this mutation, although the 
overall perturbations of the relaxation rates 
from random coil values still correlate with 
the location of the disulfide bonds. The re- 
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of disulfide bonds on the hydrophobic clus- 
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Fig. 3. Mapping of the deviations of the relaxation behavior from those predicted by a random coil 
model (black line in Fig. 2, A and B) onto the native state structure (Protein Data Bank access code 
193L) (39). (A) 15N relaxation rates measured for WT-SME in 8 M urea (Fig. 2A). (B) 15N relaxation 
rates measured for WT-SME in water (Fig. 2 B). Single-letter amino acid abbreviations: A, Ala; L, Leu; 
V, Val; and W, Trp. 
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are on average largely unperturbed. We con- 
clude that the observed changes in relaxation 
rates result primarily from changes in the dy- 
namic rather than structural properties of the 
various clusters. 

In the native structure, Trp62 is highly ex- 
posed to solvent; the crystal structure shows 
that its side chain is substantially disordered 
(27), and NMR measurements in solution re- 
veal dynamic behavior (35). By contrast, in the 
denatured states (36), and particularly during 
the early stages of folding (37), NMR experi- 
ments indicate that this residue, like the other 
tryptophan residues, is largely inaccessible to 
solvent. Together with data from the hydrogen- 
exchange protection experiments, we conclude 
that in these nonnative states the r3-domain 
residues Trp62 and Trp63 associate with a na- 
tivelike hydrophobic cluster in the cx domain 
involving Trp108 and TrpT11 that is itself strong- 
ly linked to the other regions of nonrandom 
structure. Thus normnnative interactions stabilize 
a nativelike core. Presumably, the replacement 
of the large hydrophobic tryptophan residue at 
position 62 by glycine results in the destabili- 
zation of this core. The resulting increase in 
dynamic flexibility could reflect an increased 
population of more extended structures in the 
ensemble of interconverting conformers. A 
polypeptide chain in such structures will under- 
go conformational averaging much more rapid- 
ly than in compact denatured states, where sig- 
nificant energetic barriers are known to exist. 

Our results suggest that, within the ensem- 
ble of conformations representing the denatured 
states of lysozyme, there are long-range inter- 
actions that link clusters of residues that are not 
close together in sequence. These results are 
consistent with the hypothesis that steps that 
involve the reorganization of the species 
formed initially during the refolding of ly- 
sozyme are likely to be key determinants of the 
kinetics of the folding process (29, 30). Al- 
though the folding of small proteins is domi- 
nated by the search for nativelike contacts, in 
the case of larger proteins, including those with 
multiple domains, species with at least some 
normnnative interactions can be important deter- 
minants of the folding process (8). Such inter- 
actions appear to be located primarily at the 
interface between the two structural domains, 
the region associated with the slowest step in 
the folding of lysozyme (4). 

The avoidance of misfolding and potential 
aggregation of normnnative species is a key aspect 
of the folding and long-term stability of pro- 
teins. For example, single point mutations in 
human lysozyme are responsible for the occur- 
rence of systemic disease in which large quan- 
tities of amyloid fibrils are deposited in a vari- 
ety of internal organs (38). That a single amino 
acid replacement can perturb the normnnative 
state of the protein is of particular interest, as 
the aggregation of partially or completely un- 
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opment of the amyloid structures. Thus, al- 
though a residue such as tryptophan may be 
exposed in the native state for functional rea- 
sons, it could be buried in the early stages of 
folding to reduce the tendency of these tran- 
siently populated species to aggregate. Such a 
conclusion leads to the possibility that the se- 
quence of a protein codes for structural charac- 
teristics other than those of the native fold. 
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Type III secreted "effector" proteins of bacterial pathogens play central roles in 
virulence, yet are notoriously difficult to identify. We used an in vivo genetic screen 
to identify 13 effectors secreted by the type III apparatus (called Hrp, for "hyper- 
sensitive response and pathogenicity") of the plant pathogen Pseudomonas syrin- 
gae. Although sharing little overall homology, the amino-terminal regions of these 
effectors had strikingly similar amino acid compositions. This feature facilitated the 
bioinformatic prediction of 38 P. syringae effectors, including 15 previously un- 
known proteins. The secretion of two of these putative effectors was shown to be 
type Ill-dependent. Effectors showed high interstrain variation, supporting a role 
for some effectors in adaptation to different hosts. 
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