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ABSTRACT: 2D and 3D heteronuclear NMR methods have been used to characterize the structure of hen 
egg-white lysozyme in a partially folded state using uniformly I5N-labeled protein. This state is formed 
by the denaturation of the protein in 70% trifluoroethanol (TFE)/30% water (v/v) and is characterized by 
substantial helical secondary structure in the absence of extensive tertiary interactions. I5N-filtered 3D 
NOESY and TOCSY experiments have allowed the sequential assignment of resonances for all but 2 of 
the 126 main chain amide nitrogen atoms and of the majority of main and side chain proton resonances. 
The conformation of the polypeptide chain was characterized by analysis of the pattern of NOES, Ha 
chemical shift perturbations, 3 J ( H N , H a ) - ~ ~ ~ p l i n g  constants, and hydrogen exchange protection. These 
NMR parameters are highly complementary and are consistent with a model for the TFE state in which 
six regions of the polypeptide chain are substantially ordered in helical conformations. The structure in 
different regions however, shows different levels of persistency. Five of the helices exhibit significant 
protection of amide hydrogens against exchange with solvent and are located in regions of the polypeptide 
which are helical in the native state. By contrast, helical structures of greater flexibility are observed 
both as extensions to the native-like helices and as a nonnative structure in the region of the molecule 
which forms the C-terminal part of the /3-sheet in the native state. No specific structural preferences are 
detected in regions corresponding to the long loop and to the N-terminal part of the j3-sheet of native 
lysozyme. A combination of local features of the polypeptide chain, including the predicted propensities 
of residues for helix formation and for their participation in N- and C-terminal helix capping interactions, 
allows the conformational behavior of the polypeptide chain of hen lysozyme to be rationalized for this 
partially folded state. The analysis implies that the nonnative structures are a result of interactions which 
are local to the polypeptide chain. These, and the highly persistent native-like structures, give insight 
into species which form early during folding. 

It is generally accepted that the refolding of small 
monomeric proteins occurs along pathways which are defined 
by partially folded states. The nature and the dynamics of 
the structure in these states, intermediate between the fully 
folded and fully unfolded conformations of the polypeptide 
chain, are of critical importance for the elucidation of the 
mechanisms by which proteins fold (Barrick & Baldwin, 
1993; Fersht, 1993; Dobson, 1991, 1994). Detailed studies 
of such partially ordered states are likely to provide an 
understanding of the competing interactions which determine 
the stability of the structures as well as the manner of their 
interconversion during the folding process. 

In practice, the characterization of intermediates sampled 
during kinetic refolding is often complicated by their transient 
nature, the lack of appropriate structural probes, the possible 
conformational heterogeneity of the species involved, and 
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the parallel nature of some of the folding pathways. Despite 
these difficulties, the folding pathways of a number of 
proteins have been analyzed in some detail using a wide 
variety of different techniques (Radford et al., 1992; Jennings 
& Wright, 1993; Sosnick et al., 1994; Dobson et al., 1994; 
Otzen et al., 1994). Equilibrium studies are made difficult 
by the high degree of cooperativity of the folding process 
observed for many proteins under denaturing conditions. 
Studies of protein fragments (Dyson & Wright, 1991; Dill 
& Shortle, 1991) and of peptide models (Peng & Kim, 1994) 
provide an alternative strategy, allowing the propensity of a 
given amino acid sequence to form local structures to be 
delineated (Dyson et al., 1992; Kemmink & Creighton, 1993; 
Chakrabartty et al., 1994). 

Another strategy is to overcome difficulties in the study 
of folding intermediates that arise from the high cooperativity 
of the folding processes by examination of intact proteins 
under carefully chosen equilibrium conditions. While in 
some studies low concentrations of GuHCl or extremes of 
pH have been used to promote local unfolding of the most 
labile regions of the native structures (Mayo & Baldwin, 
1993; Redfield et al., 1994), other studies have used 
denaturants at high concentrations in order to probe the most 
persistent regions of protein structure (Neri et al., 1992; Buck 
et al., 1993, 1994; Logan et al., 1994). It is clear that, 
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depending on the protein and the solution conditions, 
structure in these partially ordered states, including the 
species often referred to as molten globules, may range from 
very local conformational preferences in otherwise unfolded 
states to structure in states which are substantially ordered 
and involve larger segments of the polypeptide chain (Dill 
& Shortle, 1991; Ptitsyn, 1992). In the latter case the ordered 
regions of a partially folded protein miy encompass signifi- 
cant fractions of structural domains which comprise the 
overall conformation of the native protein (Dobson, 1994). 

Several approaches have been adopted to make possible 
NMR studies of proteins in nonnative conformations at high 
resolution. Protection of amide hydrogens against exchange 
with solvent, for example, is afforded only by structures 
which are persistently ordered (Englander & Kallenbach, 
1984) and can be detected also by indirect methods, such as 
pH or denaturant concentration pulse quench techniques [e.g., 
Baum et al. (1989), Roder (1989), Buck et al. (1993), 
Woodward (1994)], which extract information on the folding 
from well resolved NMR1 spectra of the native state. The 
NMR spectrum of native proteins has also been important 
for direct studies of denatured states under equilibrium 
conditions by magnetization transfer experiments (Jeener et 
al., 1979). Correlations of resonances between native and 
nonnative states are possible if the two states can be brought 
into exchange with kinetics of typically greater than 1 s-I, 
and using homonuclear techniques this has allowed the 
identification of resolved resonances in denatured states of 
a number of proteins (Dobson et al., 1984; Baum et al., 1989; 
Evans et al., 1991; Harding et al., 1991; Alexandrescu et 
al., 1993). Direct study of denatured states of proteins by 
homonuclear methods is, however, limited by overlap of 
resonances in the NMR spectra, which severely complicates 
their complete assignment and the extraction of NMR 
parameters. 

The problem of resonance overlap in denatured states can 
be substantially overcome by editing the proton resonances 
with the chemical shifts of their attached heteronuclei, such 
as 15N and I3C in isotopically enriched samples. Assignments 
are then possible either in conjunction with heteronuclear 
edited transfer of magnetization between the unfolded and 
the folded states (Wider et al., 1991; Zhang et al., 1994) or 
by through-space or through-bond correlation techniques 
within the unfolded state itself (Kay et al., 1990; Stockman 
et al., 1993; Logan et al., 1994). Site-specific characteriza- 
tion of the conformational and the dynamic behavior in 
nonnative states of proteins may now in favorable circum- 
stances be possible to an extent comparable to that achieved 
for native proteins and small peptides (Wuthrich, 1994). 
Although several such heteronuclear studies have been 
reported on denatured states, these involve proteins either 
in states which are substantially structured, possessing at least 
part of an ordered core (van Mierlo et al., 1993; Feng et al., 
1994; Redfield et al., 1994), or states which are largely 
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disordered, containing few, if any, local clusters of structure 
(Neri et al., 1992; Logan et al., 1994; Alexandrescu et al., 
1994b; Arcus et al., 1994). Studying proteins in states with 
characteristics between these two extremes, such as those 
which have become known as classical molten globule states, 
is demanding by NMR techniques because the structures in 
them may experience conformational averaging on time 
scales that give rise to broadening of resonances and to a 
reduction in the resolution and the sensitivity of the NMR 
signals [e.g., Alexandrescu et al. (1993)l. Thus it is of 
considerable interest to examine recently developed hetero- 
nuclear NMR methods in their application to states of 
proteins with structural and dynamic features intermediate 
between largely structured and unstructured states. 

Recently, we have described a partially folded state of hen 
lysozyme obtained by denaturing the protein in a trifluoro- 
ethanol (TFE)/water mixture. This partially folded confor- 
mation, referred to as the TFE state, differs substantially from 
both the native and highly denatured states of the protein 
(Buck et al., 1993). Far-UV CD spectroscopy suggests that 
the helical structure content exceeds that of the native state. 
However, hydrogen exchange measurements demonstrate that 
amides located in the most stable structures in the TFE state 
are situated in regions which are a-helical in the native state. 
Extensive and persistent tertiary contacts are absent in this 
denatured state, although low-angle X-ray scattering data 
imply that the protein is at least partially compact in the 
presence of the native disulphides which persist in this 
denatured state (Shiraki et al., 1995). An important question, 
therefore, concerns the origin of the additional helical 
structure, its location, and whether effects of TFE on 
polypeptide chain interactions promote native-like or induce 
novel structures. 

In this paper we have applied the established sequential 
assignment method (Wuthrich, 1986) to I5N-filtered 3D 
spectra of TFE denatured hen lysozyme. The conformational 
preferences of hen lysozyme in this partially ordered state 
are then assessed by a number of NMR parameters such as 
perturbation of Ha chemical shifts from random coil values, 
3J(HN,H,) coupling constants, the pattern of NOES, and the 
degree of protection of amide hydrogens against solvent 
exchange. Key features of the model for the structure of 
the TFE state resulting from these data are rationalized on 
the basis of the propensities of different regions of the 
sequence of hen lysozyme for the formation of secondary 
structure. 

I Abbreviations: 2D and 3D, two and three dimensional; CD, circular 
dichroism; CSI, chemical shift index; HEWL, hen egg-white lysozyme 
(EC 3.2.1.17); HMQC, heteronuclear multiple-quantum correlation; 
HSQC, heteronuclear single-quantum correlation; NMR, nuclear mag- 
netic resonance; NOE, nuclear Overhauser enhancement; NOESY, 
nuclear Overhauser enhancement spectroscopy; TFE, 2,2,2,-trifluoro- 
ethanol; TOCSY, total correlation spectroscopy; 3J(HN,Ha) coupling 
between H" and Ha; d,.,+l(a,N) distance between, e.g., Ha and HN of 
residue i and i+ 1. 

MATERIALS AND METHODS 

Collection of NMR Data. Hen egg-white lysozyme was 
expressed in Aspergillus niger using 15NH4C1 as the sole 
nitrogen source and purified from filtered culture medium 
(Roberts et al., 1992; Buck et al., 1995). NMR samples were 
prepared to contain ca. 3 mM protein in 70% TFE-Q-OW 
30% H20 (v/v), and the pH was adjusted to 2.0 with 
phosphoric acid. NMR experiments were performed at 37 
and 47 "C on NMR spectrometers belonging to the Oxford 
Centre for Molecular Sciences with 'H operating frequencies 
of 500.2, 600.2, and 750.2 MHz. The 'H and I5N assign- 
ments were made from two sets of data recorded at 37 and 
47 "C. 3D NOESY-HSQC, HSQC-NOESY-HSQC, and 
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TOCSY-HSQC experiments [Driscoll et al. (1990), Frenkiel 
et al. (1990), Ikura et al. (1990), respectively] were recorded 
with mixing times of 200 ms in the NOESY and 62 ms in 
the TOCSY experiments and a recycle delay of typically 1.3 
s. The data set comprised 128, 32, and 512 complex points 
in tl ,  t 2 ,  and r3 for the NOESY-HSQC and TOCSY-HSQC 
experiments recorded with a digital resolution of 38.3, 25.9, 
and 13.2 Hzkomplex point, respectively, at 600 MHz. The 
data set for the HSQC-NOESY-HSQC experiment comprised 
64, 32, and 512 complex points in tl, t 2 ,  and t3 recorded with 
a digital resolution of 13.0, 25.9, and 13.2 Hdcomplex point, 
respectively, at 600 MHz. Forward linear prediction as 
implemented in Felix2.3 (Hare Research & Biosym Inc.) was 
used to extend the data in the 15N dimension from 32 to 48 
complex points, and all 3D data sets were zero-filled to yield 
a final matrix size of 256 x 128 x 2048 real data points. 

Measurement of Coupling Constants. 3J (H" ,Ha)-~~~pl ing  
constants were measured using HMQCJ and HNHA experi- 
ments and were determined from line shape simulations and 
integration of cross peak intensities [Kay and Bax (1989), 
Vuister and Bax (1994), respectively]. The HMQCJ experi- 
ment was performed on a 600 MHz spectrometer. The data 
set comprised 432 and 1024 complex points in tl (I5N) and 
t 2  (HN) with a resolution of 1.9 and 5.5 Hz/complex point, 
respectively. Shifted (72") squared sine-bell apodization was 
used in t l ,  and the data matrix was zero-filled to 1024 real 
data points. Coupling constants were fitted to doublets in 
01, after summing over the cross peak along 0 2  and four 
times zero-filling, by optimization of the coupling constant 
and line widths for each of the doublet components using 
home-written software (C. Redfield). The HNHA experi- 
ment was performed on a 500 MHz spectrometer equipped 
with a home-built triple resonance probe with shielded 
x,y,z-gradients. The data set comprised 48, 30, and 1024 
complex points in tl (15N), t 2  (Ha), and t3 (HN) with a 
resolution of 28.8, 117.2, and 5.5 Hzkomplex point, 
respectively. The constant time delay to defocus the 
3J(HN,Ha)-coupling constant was set to 26.1 ms. The row 
data were mirror image linear predicted (Zhu & Bax, 1990) 
in the 15N dimension to 96 complex points, and the final 
matrix size was zero filled to 128, 128, and 512 real data 
points in 01, 0 2 ,  and 0 3 ,  respectively. The ratios of cross 
peak to diagonal peak intensities were determined using the 
volume integration routine in Felix2.3. Values extracted 
from both sets of experiments were found to yield coupling 
constants that were identical within h0.4 Hz. No correction 
factors have been applied to account for differential relax- 
ation (Harbison, 1993). 

Direct Measurement of Amide Hydrogen Exchange. Ly- 
ophilized protein was dissolved in 70% TFE-d3/30% DzO 
(vh)  to a final concentration of 3 mM and the pH rapidly 
adjusted to 2.0. A series of 12 fast 2D 15N-'H HSQC 
spectra, each taking 23 min, were recorded at 37 "C. Single- 
exponential decays were fitted to the residue amide oc- 
cupancy, measured by peak heights over the time course of 
spectra. The resulting rates (kex)  were compared to intrinsic 
exchange rates (k,,J predicted for amides in an unstructured 
polypeptide chain, in order to account for near neighbor 
inductive effects on acid and water catalysis (Bai et al., 1993). 
The effect of TFE on the intrinsic exchange rates was found 
to be small (within a factor of 3) for model peptides at pH 
2 (Buck et al., 1993), and protection factors (klnt/kex) are 
reported uncorrected for TFE cosolvent effects. 
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RESULTS 

Resonance Assignment. Figure 1 shows the I5N-'H 
HSQC spectrum at a 'H frequency of 750 MHz of hen 
lysozyme denatured in a 70% TFE/30% HzO (v/v) mixture 
at 37 "C. Critical features of this spectrum are typical of 
those obtained for denatured proteins. Most significant is 
that the 'H chemical shift dispersion characteristic of native 
states is dramatically reduced. Thus, while main chain amide 
protons resonate over a range of 2.6 ppm in the native state 
of hen lysozyme (Redfield & Dobson, 1988), their dispersion 
is reduced to around 1 ppm in the TFE denatured state. The 
same observation holds true for the side chain protons, for 
which only small deviations are observed from random coil 
chemical shift values (Wuthrich, 1986) (Ad I 0.2 ppm for 
the great majority). IH resonance overlap therefore severely 
complicates the resonance assignment of lysozyme in TFE 
using homonuclear spectra. The residual dispersion of the 
15N chemical shifts is, however, significant in this and other 
denatured states of hen lysozyme (Schwalbe et al., in 
preparation) as well as in other proteins (Logan et al., 1994; 
Alexandrescu et al., 1994b; Arcus et al., 1994). Conse- 
quently, the amide resonances are well dispersed through 
their correlation with the attached I5N nuclei. Thus, it is 
apparent that in excess of 85% of the cross peaks are fully 
resolved in the 15N-'H HSQC spectrum of this denatured 
state. 

In addition to well resolved 15N- 'H cross peaks, NOESY 
spectra of the TFE denatured state of hen lysozyme were 
found to contain a large number of intense interproton NOEs. 
This made possible the application of the sequential assign- 
ment approach based on the identification of spin systems 
and their connection through NOES between residues adja- 
cent in sequence (Wuthrich, 1986). TOCSY transfer was, 
however, found to be poor for residues in helices because 
3J(HN,Ha) coupling constants are small. Furthermore, in the 
case of the TFE state, resonances arising from residues in 
helices were often observed to have larger than average line 
widths (see below). Nevertheless, at a preliminary level, 
around 30% of resonances could be assigned to spin system 
types in TOCSY spectra of the TFE state, serving as starting 
points for further assignment. Resonances could be assigned 
to certain amino acid types by the proximity of their 15N, 
HN, Ha, and particularly side chain 'H chemical shifts to those 
expected in a random coil (Wuthrich, 1986; Wishart et al., 
1992a,b, 1995). Some of the resonances show particularly 
clearly such amino acid specific clustering into a narrow 
region of 15N chemical shifts. Thus, for example, all 12 
glycine resonances are found in the region between 106 and 
112 ppm. 

Analysis of the NOE data confirms that the great majority 
of NOES from the amide protons throughout the protein are 
to protons belonging to residues within a distance of +3/ 
-2 residues in sequence. The intensity of NOES between 
an amide proton and other protons of the residue itself, or 
those of the preceding residue, is generally higher than to 
others, suggesting that possible assignments of the most 
intense NOEs should first be sought from protons within the 
same residue and immediately neighboring residues. Fur- 
thermore, since the intensities of the sequential NN(i,i+ l )  
cross peaks in the NOESY spectra are generally high, the 
3D HSQC-NOESY-HSQC experiment often provides un- 
ambiguous links between adjacent amides even when their 
HN shifts overlap. 
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FIGURE 1: l5N-IH HSQC spectrum of the TFE-denatured state at 37 "C at a 'H frequency of 750 MHz. A total of 117 out of the 126 
expected main chain 15N-'H correlations could be assigned at this temperature. Cross-peaks in small boxes are folded in from outside the 
I5N frequency region displayed. The most crowded region of the spectrum is enlarged. 

From these experiments, it was possible to assign sequen- 
tially the 63 N-terminal and the 12 C-terminal residues, with 
the exception of Phe34 and Va1120, in the set of 3D spectra 
of the TFE denatured state recorded at 37 "C. Assignment 
of resonances for residues in the C-terminal half of the 
molecule was complicated by the reduced number of NOEs 
observed in the 3D NOESY experiments and their apparently 
weaker intensity. These resonances correspond to 15N-'H 
correlations which have increased line widths in the HSQC 
spectrum (Figure 1). In order to attempt to enhance the rates 
of the processes which give rise to the line broadening, such 
as the interconversion of distinct conformations at a rate 
comparable to their difference in chemical shifts, and to 
attempt to resolve the overlap of certain resonances, the Nh4R 
data were also acquired at 47 "C under otherwise identical 
experimental conditions. In this set of spectra many of the 
weak l5N-IH correlations are found to be more intense, and 
additional resonances can be detected. Overlap of several 
15N-'H correlations is resolved, as the chemical shifts of 
the amide protons in particular are often highly sensitive to 
temperature (Meruka et al., 1995, and references cited 
therein). By contrast, the chemical shifts of side chain 
protons bonded to carbons were found to be nearly identical 
at the two temperatures. It was possible to assign resonances 

for all but two of the expected 126 main chain amides in 
the spectra acquired at 47 "C. The I5N-'H correlations for 
Lys97 and Lys l l6  remained unassigned, probably because 
their line widths are still too large for their detection. 
However, NOES from the Ha and some of the side chain 
protons of these two residues to neighboring amide protons 
were observed. The assignments made at the higher tem- 
perature permitted the assignment of spectra at the lower 
temperature for all but a few resonances of residues 65,75- 
78,90, and 120, which, although being assignable at 47 "C, 
are presumably too broad to be seen at 37 "C. It is interesting 
to note that several of these residues are located in close 
sequence proximity to cysteines 64, 80, 94, and 115 which 
are involved in three of the four disulfide cross-bridges which 
remain intact in this denatured state. 

In addition to correlations involving main chain reso- 
nances, the 15N-'H HSQC spectrum contains 'jN-'H 
correlations arising from side chain nitrogens of the 11 
arginine, 6 tryptophan, 14 asparagine, and 3 glutamine 
residues of the protein. No appreciable NOEs were detected 
in the 3D NOESY spectrum involving protons bonded to 
the arginine I5Nc side chain nuclei. However, several NOEs 
involving tryptophan indole-ring protons and asparaginel 
glutamine side chain protons are seen in the 3D NOESY- 
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that this residue is involved in a level of structure sufficient 
to generate a distinct environment for the side chain. 

Spin diffusion, however, can influence NOE intensities 
and may be anticipated in a molecule for which the 15N NMR 
relaxation behavior of the main chain indicates an effective 
global correlation time of approximately 10 ns at 37 "C 
(Buck, Schwalbe, and Dobson, manuscript in preparation). 
In order to assess whether the apparently high cross peak 
density in the NOESY spectrum recorded with a mixing time 
of 200 ms is due to extensive spin diffusion, 2D homonuclear 
NOESY spectra were recorded with mixing times of 50, 100, 
200, and 400 ms. Several resolved NOEs from aromatic 
side chains to main chain and side chain protons were 
monitored. The data suggest that the initial rate approxima- 
tion holds true for many, but not all, of the NOEs. By 
comparison with NOESY spectra of the native state at longer 
mixing times (Smith et al., 1993), an upper limit of 6.5 A 
may be put on distances indicated by the weak cross peaks 
in the present study. Thus, while spin diffusion may 
influence intensities of some of the NOEs, it does not provide 
an explanation for the observation of a large number of 
medium-range olN(i,i+3) and aN(i,i+4) NOEs. Further- 
more, the coexistence of aN(i,i+3) and aN(i,i+4) NOEs 
with aN(i,i+2) and NN(i,i+2) NOEs is anticipated from the 
distances of (4.4 8, for these protons in a-helical regions 
(4 = -57" and = -47") (Wuthrich et al., 1984) and is 
consistent with the distances found in the native helices of 
hen lysozyme. Similarly, the distances associated with NN- 
(i,i+3) NOEs is 4.8 8, in an ideal helix, and these cross peaks 
are indeed detected in 3D NOESY spectra of the native state. 
The pattern of medium-range NOEs therefore provides a 
clear indication of helical structure. That these effects are 
limited to specific regions of the polypeptide chain implies 
that in the remaining regions helical structure is either absent 
or experiences substantially different dynamic behavior. 

Apart from small changes in the dynamic behavior which 
improve the quality of spectra at the higher temperature, there 
is no evidence for significant structural changes in the TFE 
state over this 10 "C range of temperature from either CD 
or NMR spectroscopy; the data at the two temperatures were 
therefore combined to give an overall NOE pattern for the 
TFE state. Figure 3 shows the pattern and intensity of the 
medium-range NOEs as well as the short-range NOEs used 
as the most prominent connections in sequential resonance 
assignment. To take into account the variation of cross- 
peak intensities found in the 15N-'H correlations, NOE 
intensities to a given amide proton were scaled to the 
intensity of the autocorrelation peak in the NOESY spectra. 
Intrinsic to the study of proteins under denaturating condi- 
tions is the incompleteness of the analysis of short- and 
medium-range NOEs, which arises at least in part from the 
limited chemical shift perturbations in 3D NOESY spectra 
of these states, as noted above. So, for example, in the region 
shown in Figure 2 ,  aN(i , i f3 ,4)  cross peaks from Met105 
to Trpl08 or Val109 could not be confirmed because of 
overlap of the Ha resonances of Met105 and Trpl08. A 
similar situation occurs for many other resonances examined 
in this analysis. 

The NOE data can be used, however, to identify ap- 
proximate regions which have particular structural prefer- 
ences in the TFE state. Figure 3 shows that several regions 
of the polypeptide chain, for example, residues 50-58 and 
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FIGURE 2: 3D NOESY-HSQC spectrum cut into 01, 03 strips at 
specific I5N frequencies in 0 2  showing residues 102-1 13 in the 
TFE-state, recorded at 47 "C. Assignments and medium range NOEs 
of interest are labeled. 

HSQC spectrum. Assignment of these NOEs to the side 
chain 15N-bound atoms was possible for all 6 tryptophan 
indole and 13 of the 17 asparagine/glutamine NH2 groups. 
In order to assign the remaining protons of the tryptophan 
rings, not all of which were detected in 15N-edited spectra, 
high-resolution 2D 'H-lH NOESY and TOCSY experiments 
were recorded in 70% TFE-d2-OW30% H20 and 70% TFE- 
&-OD/30% D20 on an unlabeled sample. As with the main 
chain, the great majority of NOEs involving not only the 
side chain NH or NH2 groups but also aromatic ring protons 
are to protons of residues located within +3/-2 residues in 
sequence. A significant number of NOEs could not be 
assigned within this range, however, suggesting that they 
may arise from longer range contacts in the TFE state, such 
as those made as a consequence of the disulfide bridges. 
However, these NOE assignments could not be made 
unambiguously due to the overlap of 'H resonances. The 
resonance assignments made in this study are given in the 
Supporting Information. 

Analysis and Interpretation of NMR Data. Figure 2 shows 
01, 0 3  strips at the respective I5N frequency in 0 2  from the 
3D NOESY-HSQC spectrum for a representative helical 
region of the TFE state between residues 102 and 113. In 
the lower part of this spectrum NN(i,i+3) cross peaks from 
Gly104 to Ala107 and from Asnl06 to Val109 are observed 
together with NN(i,i-3) cross peaks from Ala107 to Gly104 
and NN(i,i+2) cross peaks from Val109 to T r p l l l  and from 
Ala1 10 to Argl12. Asnl06 shows an aN(i,i+4) cross peak 
to AlallO, while Asnl03, Gly104, and Trpl08 show aN-  
(i,i+3) cross peaks. At the same time, the two nondegenerate 
resonances of the two yCH3 groups of Val109 show yN- 
(i,i--4) cross peaks to MetlO5. The fact that the chemical 
shifts of these methyl groups differ significantly suggests 
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"C. Relative intensities are indicated as strong, medium, and weak. 
119-129, are characterized by an extensive pattern of aN- 
(i,i+3) and aN(i,i+4) NOEs, indicative of a-helical structure. 
By contrast, other regions of the polypeptide chain are 
characterized by NOEs which are few in number and weak. 
Regions of the polypeptide encompassing residues 42-49 
and 60-84, for example, appear not to adopt well defined 
structures for a substantial fraction of time, a conclusion 
which is consistent with the observation from CD spectros- 
copy that TFE is unable to stabilize the entire polypeptide 
chain in a fully helical conformation. Given the large 
number of medium-range NOEs in combination with their 
often incomplete pattern, as seen for example, for residues 
3-15, it is not possible to define the location of helices (and 
in particularly helix termini) unambiguously in this denatured 
state from NOE data alone. Thus, a number of other 
complementary NMR parameters were analyzed. 

Chemical shift perturbations of Ha resonances from 
random coil values (Haobs - Harandom ) (Wishart et al., 1995) 
and the chemical shift index as defined by Wishart et al. 
(1992a) are shown in Figure 4. The higher than average 
perturbation of the chemical shifts of several protons can be 
associated with local features of the polypeptide sequence 
(Figure 4a). Thus two of the most perturbed resonances of 
Ha protons, Thr69 and Thr80, are adjacent to proline residues 
70 and 79. The Ha chemical shift of Thr69 also experiences 
a similar perturbation in oxidized and reduced lysozyme in 
the presence of 8 M urea (Schwalbe et al., in preparation), 
suggesting that it is caused by the proximity of Pro70 and 
does not reflect conformational preferences particular to the 
TFE state. It is interesting that other highly perturbed Ha 

- - -- -- - - daN(i,i+4) 

FIGURE 3: Summarv of short- and medium-ranze NOEs in the TFE state. The data are the sum of the NOEs seen in spectra at 37 and 47 
- - - 

chemical shifts (beyond 0.3 ppm) are of residues close in 
sequence to some of the aromatic residues in lysozyme; for 
example, the Ha chemical shifts of residues 29, 33, and 38 
are likely to be affected by ring current shifts from the side 
chains of Trp28, Phe34, and Phe38. Similarly, the Ha shifts 
of residues 109 and 112 can be attributed to their proximity 
to residues Trp108 and T r p l l l .  In other regions of the 
protein, however, aromatic residues such as Trp62 and Trp63, 
or Tyr20 and Tyr23, appear not to give rise to shifts of more 
than 0.2 ppm in resonances of nearby residues. Stretches 
of residues whose Ha resonances experience significant 
upfield perturbations (above -0.1 ppm) are clustered in six 
regions of the protein sequence (Figure 4). Using recently 
revised values for random chemical shifts (Wishart et al., 
1995), the chemical shift index has been used to define these 
regions as helical segments denoted I-VI here according to 
the rules of Wishart et al. (1992a). Interestingly, all 12 
glycine Ha resonances experience no, or only slightly 
downfield, shifts in the TFE state, suggesting that these 
residues are not part of highly populated helical or turn-like 
structures. 

3J(H",Ha) coupling constants measured at 58 main chain 
sites are shown in Figure 5a. The data set has been obtained 
from two types of experiments, the HMQCJ and the HNHA 
experiment [Kay et al. (1990) and Vuister and Bax (1994), 
respectively]. The data are incomplete, since both experi- 
ments rely on well resolved peaks in the 2D I5N-IH 
correlation plane. It is apparent that the majority of 
3J(HN,Ha) coupling constants are characteristic of helical 
structures. A coupling constant of 3.3 Hz, inferred from the 
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FIGURE 4: (a)  H, chcmical shift perturbations from random coil values of Wishart ct al. (1995) and (b) CSI (chemical shift index) of 
Wishart ct al. ( I992a.b) plotted ;is ;I function of protein sequcncc. The data for glycines arc plotted as (0) and if nondcgcncratc. thc second 
rcsonancc :is ( x )  in pancl ;i to indicate thcir position. Rcsiducs of intcrcst arc lahelcd by sequcncc number. Rcyions I-VI, aqsigncd according 
to CSI nilcs to hc in hclical sccondary structurc. iirc marked in pancl b. 
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Fm'KE 5: (a )  58 3J(Hr.H,,) coupling constants mcasurcc! in HMQCJ (Kay ct al.. 1989) and 3 D - H N H A  (Vuister ct d.. 1993) experiments. 
Coupling constants with values hclow 5 Hz suggcst that thc conformational prcfcrcnccs of thc rcsiduc lic cf'fcctivcly entirely in the hclical 
region 01' b, spncc. (h)  Coupling constant indcx its dcscrihcci in thc main text: the coupling constants for rcsiducs 5 I and 55 arc indicated. 
Regions I-VI. :tssigncd to he in hclical sccond;iry structurc using thc chcmical shift indcx (Figurc 4). iirc marked for comparison in  pancl 
h. 

conformation of an  ideal helix (Wiithrich, 1986). can be used estimated populations are in excess of 80% in the regions 
to estimate the population of the helical region of' d, space. for which NOES and shift perturbations characteristic of 
on a simple two-state model taking 8.S Hz a s  a value of helical structure are detected and 30-40% elsewhere. 
3J(Hs.HcI) for a residue in a n  extended conformation. The However. this is irndoubtecfly a conservative estimate, as 
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FIGURE 6: 15N-'H HSQC spectra recorded (a) 10 and (b) 100 min after dissolution of the protein in 70% TFE-d2-OD130%D20 (v/v), pH 
2.0, 37 "C. Amides with significant residual proton occupancy are labeled. 

coupling constants calculated on the basis of helical regions 
in crystal structures are 4.8 Hz on average (Smith et al., 
manuscript submitted); using this value, the population 
of the helical region of 4 space on the simple two-state 
model is calculated to be 114 f 20% for these residues. 
Several residues have coupling constants larger than 5 Hz 
suggesting they are not part of well populated regular helical 
structures. Indeed, coupling constants of up to 7 Hz are 
detected for residues 40-48 and 64-72 indicating that these 
regions adopt significant nonhelical conformations or helical 
structures which have substantially averaged conformations 
in the presence of TFE. Figure 5b shows a coupling constant 
index, in which residues with coupling constants below 5 
Hz are assigned a value of -1 and residues with averaged 
coupling constants of 5-8 Hz and with coupling constants 
above 8Hz are assigned values of + O S  and f l . 0 ,  respec- 
tively. Good agreement is apparent when the regions with 
low coupling constants are compared with those defined as 
helical using the chemical shift index. It is interesting that 
the helical regions defined in this way are separated by 
residues with coupling constants greater than 5 Hz, largely 
indicative of nonhelical conformational preferences. No 
coupling constants greater than 8 Hz or pattems characteristic 
of well populated P-strand or p-tum conformations were 
observed. 

Direct Detection of Hydrogen Exchange from the TFE 
Denatured State. The assignment of the spectrum of the 
TFE state has allowed hydrogen exchange kinetics to be 
measured directly. Two examples of spectra recorded 10 
and 100 min after the initiation of exchange are shown in 
Figure 6, panels a and b. The intrinsic exchange rate for an 
alanine residue in an unstructured model peptide is 0.84 
min-l under these conditions (Bai et al., 1993). Around 60 

amides have almost completely exchanged in the spectrum- 
recorded after 10 min and are therefore likely to have 
protection factors less than 10. It is noticeable that the great 
majority of these amides are associated with resonances 
which have among the most intense cross peaks in the 15N- 
'H HSQC spectrum in TFE/H;?O solution (Figure 1). This 
indicates that they are located in regions of the polypeptide 
which are characterized by extensive flexibility. Indeed, this 
is confirmed by the analysis of the main chain I5N relaxation 
data (Buck, Schwalbe, and Dobson, manuscript in prepara- 
tion). Exchange rates for the more slowly exchanging 
amides were determined by fitting the time dependence of 
the intensity data, and protection factors were calculated by 
comparison of these rates to those predicted for the amides 
in an unstructured model peptide, taking into account the 
temperature dependence and side chain inductive effects (Bai 
et al., 1993). The protection factors of 53 amides are shown 
in Figure 7 and range from 2 to 250. Amides which have 
amongst the highest protection factors in the TFE-denatured 
state ( P  > 10) are clustered in several distinct regions of 
the polypeptide chain whose location is in good agreement 
with those identified as helical by the other NMR parameters 
above. 

DISCUSSION 

Collation of NMR Results. The combination of significant 
residual chemical shift dispersion of resonances, particularly 
of 15N nuclei, and of resonance line widths sufficiently 
narrow to yield intense signals has been central to this study 
using 15N-labeled hen lysozyme. Thus it has been possible 
to assign nearly completely the resonances of a 129-residue 
protein in a partially structured state and to exploit the wealth 
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li)r t h i \  protection. 

of' dctiiil tha t  hctcronitclc:ir NMK methods can pro\klc. The 
N M R  paranictcrs \t.hich could be obtained fiw the TFE 
clcnatured state of' lysozynic by stitrlyiny "N-labclcd protein 
coniprisc the pattern 01' the NO13 atid their intensities. Hll 
chcmiciil shift perturbations. '.I( H'.H,,) coupliny constiitits. 
i i n d  aniitlc hydroycn cschanyc rates. 1 he intcrprct:ition of' 
both chcniical shift \*alucs :itid coupliny constants i n  clcnii- 
turcd states of' proteins diffkrs in  sithtlc respects I'rom that 
possible in  nati\pc stiitcs. The nic:isitrctl '.I( N".H,,) coitpliny 
constants ;ire rcl;iti\.cly itnili~rtii i n  many scynicnts of' the 
sccpcncc. \\.hereas. in  niiti\*c proteins, ii cotisicleritblc loci11 
\xiation in their \'iilltc is ol'tcn ohscr\.cd. c\'cn if '  the main 
chain is in\.ol\wl i n  certain secondary structures (Sniith et 
i l l . .  riianu scri pt sit b m  i t tcd 1. This ari scs hccait sc d i hcdral 
anylcs mi! he f'ixcd i n  nonstand:ird regions of' @-space by 
tertiary contacts. \\.hcrc:is. in  t1cn;iturcd states coupling 
constants of5-X Hz ;ire tiiorc likely to rcprcscnt the cf'fccts 
of cot1 fi)rni;it iond ;i\.criiyi 112. Si tiii liirly. whi IC the chcmiciil 
shifts i n  nati\*c proteins ;ire affcctctl by both lociil and lony- 
range interactions. the HI, chcmiciil shif't pertubations oh- 
scr\*cd i n  TFE arc likely to bc cIomin;itctI hy local cffccts. 
Upf'icld perturbations to the chemical shi f ts  o f  HI, protons. 
thcrcforc. rcprcscnt priniarily the contributions 01' helical 
stntcturc. Definition of  helix limits i n  pcptidcs and dcnaturctl 
states of  proteins, i n  particul;ir. is complicatcct by the 
increased dynamics obscr\*cd at helix termini. often Icacliny 
to transient forni;ition of' additional helical turns. This is 
indicated by the presence of' mcdiurii-rmyc NOEs. i n  the 
iibscncc o f  ;I complete pattern of  iiniidc protection. lo\\* 
coupliny constants. or signi1ic:int chcmicd shifi pcrturhations. 
;IS seeti. for cxittiiplc for rcsiducs 37-4 I .  58-6  I .  and 126- 
129 i n  Fiyitrc X. 

A further comp1ic;ition arises bccuisc the niii,iority o f  the 
data sets ;ire incotiiplctc in  certain regions of' t tic scqucncc 
due to the sc\~crc o\*crl;ip of' rcson;inccs or  their lo\v intensity 
clue to large line widths. ' h i s .  for cxaniplc. the NOE 
patterns cxpcctctl fix helices appcar to be inconiplctc, notably 
toivarth the latter part of' the scgrncnts cotiiprising residues 
5 to 15 antl rcsiditcs 20 to 3X.  Rcson;incc overlap o f  the HI, 
resonances for thcsc residues (Table I .  Supporting Informa- 
tion) accounts i n  part for this ohscr\*ation. However. the 
chemical shift. hydrogen exchange protection and couplitis 
constant data define better the C-terminal parts of' these 
pit t ;i t i \re he I ices and pro\! i de co ti1 plc nicn t ary i n format io t i  that 
regions comprising residues 33-38 iind I I I - I IS. which ;ire 
poorly defined by c x N ( i . i + 3 )  ant! a N ( i . i + . F )  NOES. iirc 

I .  

iri(1ccd i n  hclicd confi,rtii~itions. Coinparison o f  sc\*criil 
N M R  piiriitiietcrs. cIio\\*n i n  Fiyurc 8 .  is necessary to dcri\*c 
\\*it  ti con f'idcncc t he location of' hiy til! populated helical 
structure. I'c~ttt~hiitiotiS of' H,, chctiiical shifts fr011i riititlotii 
coil \.;ilucs pro\*idc the n i o s t  cotiiplcte clat i i  \\.hich c;in he 
used to clcscrihc the scconhry stritctiirc for t he Tl-*I< 
ckti;itlt~cd stiitc. u4iiIc the prcwticc 01' nicdiutii-ranyc NO13 
cat1 he used most con\*incinyly to conlirni the cotifi,rtli~itiotiiiI 

Figure X sho\vs t hiit t ticre is ;i rctiiiirkiihlc corrcspontIcIice 
of' the difli.rctit NMK piiriitiittCrs lvhich allo\\.s its to infer ;I 
consistent picture of' the location of' the hc1ic:il stritctiirc i n  
the 'rF13-tIcn~itltrctl state (see t'iyurc Icycntl liw details). 'I'hc 
hclicd stritctitrcs. clcnotcd I -VI i n  I-*iyurcs X ;itid 9. ;ire 
dcscrihccf ;IS h;i\*iny consitIcr;ihlc pcrisistcncy \\.hen dcf'inctl 

i n  atltlition. iiniidc protection indicates conli,rtii~itiori~il stabil- 
ity. f'iirts of' the polypeptide chiiin \\.hich the N M K  p;ir;ini- 
cters p;irti:illy define ;IS helical iirc commonly fount! ;IS 

extensions to these hiyhly ordered regions o f  the polypeptide 
and presumably correspond to cl!*natiiically a\*craycd struc- 
tures at  the helix tcrtiiini: this is sccn. fix cxiimplc. at the 
C-tcrtiiinus. rcsiducs 126- 120. of' the protein. This cor- 
respondence of' the intcrprctation o f  the N M K  parameters 
cxtcntls to other rcyions of' the polypeptide chain. For 
csamplc. N O E S .  H,, chemical shi t i  perturbations. atid hy- 
droycn cxchmyc protection f'rictors ;IS \vcIl ;is coupling 
constants all int1ic;itc that the rcsions encomp:issiny residues 
4 1 -50 i i n d  7 1 -80 arc prcdoniinantly unsrriicturcd in the 
TIT state. 

of Sr 1-1 wt I I t-ti it I r I I C ~  77.fi- D t v  rtr r I t r - d  Sit  r r P. 
Comparison of' the six consensits rcyions (I-VI i n  I-*iyure 
8 )  of' the lysozyme scqitcncc posscssiny cxtcnsi\.c helical 
character i n  70'2 TIWWX H2O \\ .itti  the conli~rriiation of 
these rcyions o f  the protein i n  the n:iti\*c state (1-lgitt-c 9) 
?;homes that all residues which ;ire i n  helical stritctiircs i n  the 
native state iirc also in\~ol\~cd i n  helical structure i n  the TPE- 
tlc mi t i i  red st ;i t c . S i g t i  i fica t i t  I y . t he hydro ye t i  cxc ha  t i  ye h t  ii 

demonstrate that these nati\*c-likc helices. i i t id i n  particular 
their central regions. h w c  ;I hiyh degree of' stritctural 
persistency. mcaning that the population o f  any nonhclical 
confi,rriiationaI states is \'cry low for these rcyions. 

Certain regions of the scqucncc arc. howc\w. found to 
possess hclicnl structures i n  'I'FE that  ha\^ no countcrpxt 
i n  the native state. These structures iirc fornicd iis extensions 
to the native-like helices R.  C. iind D ;inti the C-terminal 

prc fc re nccs . 

by ;I tiiii.iority 01' the tlil'fi.rcnt NMli i>iiriitiictcrs ; i~ i t l  \f*hcti. 

7'lw Ntr r it 
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FIGURE 8: Summary of the principal NMR parameters defining helical structure in the TFE state. Medium-range NOEs, characteristic of 
helical structure, are indicated by horizontal lines, hydrogen exchange protection (P > 10) is marked (#), and significant 'Ha chemical shift 
perturbation from random coil values (CSI Ad < -0.1 ppm) is indicated by (W). 3J[HN,H,] coupling constants 15.0 Hz are shown as (O), 
and coupling constants 25.0 Hz as (0). The data indicative of helical structure are clustered in six regions of the polypeptide, denoted helix 
I-VI, and are collated (inner brackets) to describe the approximate limits of persistent helical secondary structure as the consensus of the 
majority of NMR parameters [CSI and protection, coupling constant andor aN(i,i+3,4) NOE]. The six regions I-VI encompass residues 
3-14, 27-38, 50-58, 85-98, 103-114, and 119-125. Note that the first four amides in an a-helix are usually not hydrogen bonded to 
other main chain hydrogen bond acceptors and that amide exchange protection may therefore be absent. Theoretical calculations suggest 
also that the extent of Ha chemical shift perturbation is considerably diminshed for the N-terminal four residues in an ideal helix (Osapay 
& Case, 1994). Helix limits due to transient structural preferences are also indicated (outer brackets). 

31o-helix, by up to one turn at either end. In addition, 
residues 50-58, which form part of the P-sheet in the native 
state, are also stabilized in a helical conformation in TFE. 
Figure 10 illustrates the structural differences as manifested 
in the pattern of NOEs in the NOESY-HSQC spectra for 
this region of the protein in the native and TFE states. 
Whereas in the native state spectrum there is clear evidence 
for medium- and long-range NOEs typical of P-sheet 
structure, aN(i,i+3) and NN(i,i+3) NOES which are char- 
acteristic of helical structure are observed in the TFE state. 
However, this helix is not as persistent as the native-like 
helices as judged by the main chain amide hydrogen 
exchange (protection factors < 20) and 15N relaxation 
behavior (Buck, Schwalbe, and Dobson, manuscript in 
preparation). Conformational preferences, other than those 
toward helical structures, can, furthermore, be inferred for 
short regions of the polypeptide chain in TFE; for example, 
residues 17-20 and 60-64 show extensive i,i+2 NOEs. The 
data suggest that these regions could populate partial turn- 
like structures. Residues 40-49 and 65-75, corresponding 
to the N-terminal part of the /3-sheet and part of the long 
loop in the native protein, respectively, appear to be highly 
disordered in the TFE state. 

Approximately 73 residues are involved in highly popu- 
lated helical structure in the TFE-denatured state, with up 
to a further 30 residues likely to be involved in transient 
helical structures. This number is in reasonable agreement 
with the 80 residues inferred to be in helical structure from 
the far-UV CD signal under similar conditions (Buck et al., 
1993). By comparison, 44 residues are part of a-helical 
structure in the native state. This suggests that an increase 
in helix regularity or changed contributions from disulphides 
and aromatic residues (Woody, 1985) are not the principal 
components responsible for the increase of the far-UV CD 
ellipticity in the TFE state over that of the native state. 
Indeed, the NMR data confirm the stabilization of several 
regions of the polypeptide in helical structures which have 
no counterpart in the native state. For example, the structure 
corresponding to the C-terminal 310-helix in the native state 
(residues 120- 124) has been extended in the TFE-state right 
up to the C-terminus itself (residue 129), with aN(i,i+4) 
NOEs indicating specifically the formation of a-helical 
conformers (Wiithrich et al., 1984). By contrast, the 310- 

helices of the native protein, contribute little, if any, to the 
far-UV CD ellipticity given that they are short (Gans et al., 
1991). A further major contribution to the CD signal of the 
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TFE state is the formation of a-helical structure in part of 
the region corresponding to the /$-sheet in the native state. 

The data on the location a n d  extent of helical structure in 
the TFE state are highly consistent with a recent study by 
circular dichroism ot four peptide fragments. spanning the 
sequence of hen lysozyme in segments of 20-46 residues 
in length (Yang et al., in press). Two peptides comprising 
residues 1-40 and 84- 129, which together correspond to 
the regions of the protein which form the major a-helices 
in the native state. were both found to adopt extensive 
a-helical structure in the presence of TFE. Is was not 

possible, however. to stabilize a-helical stnicture in a peptide 
corresponding to the long loop region of the  native protein 
(residues 6 1 -82) even at high TFE concentrations. By 
contrast. stitdies of a peptide corresponding to the /{-sheet 
resion of the native protein (residues 4 1 -60) suggested that 
several residues may adopt a-helical conformations in the 
presence of 50%- TFE (Yang et al.. 1994). Remarkably, the 
sitin of the far-UV CD spectra of these four peptides was 
found to be nearly identical to spectra obtained under 
identical solution conditions for the intact oxidized protein 
and to those of a cierivativc of lysozyme i n  TFE in which 
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the protein, which is likely to result in conformations 
unsuitable for helix propagation. 

By contrast to these comparisons with the structures in 
the native conformation of hen lysozyme, the limits of helical 
structure as identified by the NMR parameters for the TFE 
state are found to coincide closely with the positions of 
residues which are predicted to participate favorably in helix 
capping interactions. Aspartic and glutamic acid residues, 
for example, are preferred amino acids at the first or second 
position of a helix, reinforcing the capping effect of side 
chains at the N-terminus (Dasgupta & Bell, 1993), and the 
location of aspartic acids at residues 52, 87, 101, and 119 
appears to be in excellent agreement with the approximate 
positions of the N-terminal residues of helices 111, IV, V, 
and VI in the TFE-state. However, as seen for the region 
corresponding to the long loop of the native state, propensi- 
ties to form favorable helix capping interactions appear to 
be insufficient on their own for helix formation in TFE. 
Overall, the data on hen lysozyme reinforce the notion that 
TFE stabilizes helical structures only in regions of the 
polypeptide chain which have considerable local propensity 
to adopt helical conformations. This conclusion is consistent 
with previous studies of peptides and protein fragments 
(Lehrman et al., 1990; Dyson et al., 1992; Sonnichsen et 
al., 1992). In addition, other studies have demonstrated that 
helix capping interactions persist in the cosolvent and act as 
helix stop signals (Nelson & Kallenbach, 1986, 1989; Bruch 
et al., 1991; Storrs et al., 1992; Shin et al., 1993; Toumandjie 
& Johnson, 1994). 

TFE is thought to denature native states of proteins in a 
manner analogous to that of other alcohols by the disruption 
of tertiary interactions, presumably by weakening the hy- 
drophobic effect relative to hydrogen-bonding interactions 
(Mizuno et al., 1984; Nelson & Kallenbach, 1986; Storrs et 
al., 1993; Thomas & Dill, 1993). A large number of studies 
suggest that TFE preferentially stabilizes a-helical structures 
[e.g., Nelson and Kallenbach (1989) and Lehrman et al. 
(1990)l. TFE has also been reported to stabilize p-turn and 
hairpin structures (Sonnichsen et al., 1992; Shin et al., 1993; 
Blanco et al., 1994) and to generate elements of structure 
related to those in a molten globule state in water (Smith et 
al., 1994). A bias toward helical structures arises because 
these structures involve only local interactions, while ,&sheet 
structures are often stabilized by specific nonlocal hydro- 
phobic interactions between side chains (Thomas & Dill, 
1993). The switch from p- to a-structure on addition of 
TFE for residues 50-58, as well as similar phenomena in 
other proteins, can be rationalized on the basis of local chain 
propensities toward a-helical conformations (Sonnichsen et 
al., 1992; Lui et al., 1994, Shiraki et al., 1995). While it is 
likely that propensity scales and prediction methods are still 
limited in a number of respects, and that the structures which 
can be formed are still incompletely understood, the cor- 
respondence between the structures observed in an environ- 
ment such as TFE with those predicted on the basis of local 
interactions is remarkable and suggests that these structures 
may be of relevance in early stages of protein folding before 
long-range interactions are established. 

Significance f o r  Understanding the Nature of Folding 
Intermediates. The majority of polypeptide sequences do 
not adopt stable structures when considered as isolated 
peptides in aqueous solutions (Dyson & Wright, 1991). 
Extensive secondary structure is formed early in protein 

the disulfide bonds had been reduced and blocked by 
methylation (Yang et al., in press). These results imply that 
the determinants which allow the polypeptide chain to adopt 
stable helical structures must be associated with highly 
localized features of the amino acid sequence. 

Comparison with Predictions f o r  Local Structural Pro- 
pensities. The profile for intrinsic helical propensity derived 
using the scale of Chou and Fasman (1978) is shown in 
Figure 8c; similar profiles are obtained using the helix 
propensity scales of Richardson and Richardson (1988), 
O’Neil & Degrado (1990), Wojcik et al. (1990), Horowitz 
et al. (1992), Chakrabartty et al. (1994), and of Blaber et al. 
(1994). Regions predicted to have high intrinsic helical 
propensity are all found to be in helical conformations in 
both the TFE and native states (Figure 8a,b). There is little 
difference in the helical propensities for regions which form 
a- and 3lo-helices in the native state, suggesting that their 
structure in the native fold could be influenced by other 
interactions. Of particular interest is that a part of the region 
which forms the triple stranded P-sheet in the native structure, 
residues 50-58, has higher than average helical propensity 
on five of the seven scales examined; this is the region of 
the sheet found to adopt helical structure in the TFE state of 
the intact protein. Thus the overall correspondence between 
the regions of the polypeptide chain which have adopted 
helical conformations in TFE and those with significant 
intrinsic propensity for helical structure is excellent. A more 
detailed comparison, however, shows several exceptions to 
this. For example, the N- and C-terminal extensions to the 
B-helix are not anticipated on the basis of the predicted 
propensities of these residues. Furthermore, higher than 
average helical propensity is seen for residues 41-44 and 
61-64 in patterns derived using the majority of the 
propensity scales but is not accompanied by helix formation 
in the TFE-denatured state. Helical propensity in the region 
of residue 80-84 is fulfilled by helix formation in the native 
state but not in the TFE state where the helix begins near 
residue 85. 

These discrepancies may be due to the fact that the 
propensity scales have been derived for individual residues 
located in the central regions of helices and do not explicitly 
take into account medium-range interactions involving the 
side chains of a helix (Scholtz & Baldwin, 1992). Interac- 
tions between side chains at the termini of helices and the 
main chain have, for example, been found to confer 
significant stability to helix formation (Serrano et al., 1992). 
The details of some of these capping interactions are, 
however, complicated (Harper & Rose, 1993; Harpaz et al., 
1994). A simplified profile of sites with N- and C-capping 
potentials is plotted as a function of the protein sequence in 
Figure 8 panels d and e using a scale derived from energetic 
analysis of site-directed helix capping mutants (Munoz & 
Serrano, 1994). The patterns constructed using the scales 
of Richardson and Richardson (1988), Presta and Rose 
(1988), Dasgupta and Bell (1993) are closely similar. It is 
noticeable that while the A- and B-helices have helix limits 
in the native state which coincide with the positions of amino 
acids suitable for capping, such correspondence is much 
poorer for the termini of the C- and particularly the D-helix. 
In these cases alternative interactions, part of the native 
tertiary fold, must compensate for the loss of these potentially 
favorable interactions in the native state. Ile98, MetlO5, and 
TrplO8, for example, are buried in the hydrophobic core of 
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folding in a process thought to be associated with the 
compaction of the polypeptide chain, for example, as part 
of a hydrophobic collapse (Dill & Shortle, 1991). Nonspe- 
cific interactions generated in such environments appear to 
exist in early folding intermediates and molten globule states 
(Ptitsyn, 1992; Jennings & Wright, 1993; Dobson et al., 
1994) and are thought to be sufficient to stabilize polypep- 
tides in distinct conformations. Nonspecific effects of TFE 
can be considered in some respects as analogues of these 
interactions because the structures which are stabilized share 
a number of the characteristics of these folding intermediates. 
For example, a significant feature of the TFE states of hen 
lysozyme as well as those of a-lactalbumins and other 
proteins [Buck et al. (1993), and Alexandrescu et al. (1994a), 
and Shiraki et al. (1995), respectively)] is the high content 
of a-helical structure. However, preferential stabilization 
of a-helical structure by TFE may also account for the fact 
that the protection factors against amide hydrogen exchange 
with solvent observed in the TFE state are higher than those 
seen for other partially structured states in aqueous solution 
(Jeng & Englander, 1991; Jennings & Wright, 1993; Buck 
et al., 1994) and much higher than those seen in the earliest 
species sampled during refolding (Radford et al., 1992). 

In addition to the formation of largely native-like structure, 
TFE also stabilizes regions of the hen lysozyme sequence 
in conformations which are compatible with local structural 
preferences but have no counterpart in the native state. 
Similar observations have recently been made in a number 
of other studies on proteins and peptides under equilibrium 
conditions (Neri et al., 1992; Sonnichsen et al., 1992; 
Kemmink & Creighton, 1993; Lui et al., 1994; Alexandrescu 
et al., 1994a; Arcus et al., 1994). Nonnative structures are 
likely to arise because the specific interactions which 
contribute to their formation and stability are entirely local, 
while additional nonspecific interactions are also provided 
by the rest of the polypeptide or by cosolvents or denaturants. 
By contrast, the formation of the corresponding native 
structures involves a significant proportion of specific, often 
long-range interactions. Local nonnative structures may, 
therefore, precede and indeed compete with the higher order 
structures formed later in folding. In the case of hen 
lysozyme, for example, it has been shown for the majority 
of molecules that the formation of the native structure in 
the P-subdomain of the protein proceeds at a much slower 
rate than the formation of stable structure in the a-subdo- 
main, when refolding takes place from a variety of denatured 
states (Radford et al., 1992; Kotik et al., 1995). The 
possibility that a transient population of nonnative structure 
in the P-sheet region could be responsible for these observa- 
tions, and that these structures may be similar to those formed 
in TFE, is an intriguing one. However, an important result 
of the present study concerning the nonnative structures 
detected in TFE is their relative instability compared to the 
native-like structures. Indeed, the most persistent structures 
which are generated by local interactions in a cosolvent 
environment are found to be entirely native-like in this 
partially ordered state. This supports the view that native, 
not nonnative or misfolded, structures are likely to be in 
general the major determinants of the folding pathways and 
kinetics (Buck et al., 1993; Kemmink & Creighton, 1993; 
Baldwin 1995). 

It is interesting to note that the most persistent structures 
in the TFE state of hen lysozyme appear to be organized as 
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helices in regions corresponding to the a-subdomain of the 
native protein. This resembles, at least superficially, the 
structure found in the major intermediate populated during 
kinetic refolding of the protein (Radford et al., 1992). The 
later kinetic refolding intermediates, however, protection 
factors against amide hydrogen exchange exceed 500, and 
the a-helical subdomain becomes stabilized as a single 
cooperative event which also involves amides in loops, for 
example, residues 17 and 23. The lack of persistent structure 
involving these residues of the polypeptide chain in the 
presence of TFE, and the smaller magnitude of amide 
protection overall, indicates that this partially folded state is 
substantially less ordered and native-like than the major 
kinetic intermediate. This is consistent with the view that 
the persistent and more structured states which are populated 
during the later stages of protein folding involve specific 
interactions within substantially compact structures, such as 
those generated by native-like contacts between helices as 
well as the stable secondary structure such as found for a 
protein in the presence of TFE (Dobson et al., 1994). Such 
observations support a model of protein folding which is 
based predominantly on a hierarchical process of native-like 
structure formation and stabilization. 
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