
High helicity of peptide fragments corresponding to �-strand
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Background: Whereas protein fragments, when they are structured, adopt
conformations similar to that found in the native state, the high helical propensity
of �-lactoglobulin, a predominantly �-sheet protein, suggested that the fragments
of �-lactoglobulin can assume the non-native helical conformation. In order to
assess this possibility, we synthesized four 17–18-residue peptides
corresponding to three �-strand regions and one helical region (as a control) of
�-lactoglobulin and examined their conformation.

Results: We observed residual helicities of up to 17% in water, by far-UV CD,
for all four peptide fragments. The helices could be significantly stabilized by the
addition of TFE, and the NMR analyses in a mixture of 50% water/TFE indicated
that helical structures are formed in the central region whereas both termini are
frayed. Thus, the very same residues that form strands in the native �-
lactoglobulin showed high helical preferences. 

Conclusions: These results stand out from the current general view that peptide
fragments isolated from proteins either are unfolded or adopt native-like
secondary structures. The implications of the results in the mechanism of protein
folding and in designing proteins and peptides are significant.

Introduction
Although the two-state protein folding model suggested a
priori that no fragments should remain structured when
isolated, several residual structures have now been
observed in peptide fragments corresponding to regular
secondary structures from native proteins [1–7]. The
current consensus is that when these peptides are struc-
tured, they form secondary structures consistent with
those observed in the native structure. This is known as
the consistency principle [8] and supports the framework
model of protein folding [9,10]. These structured frag-
ments usually correspond to regions of the native structure
that are especially stable and remain folded in the (desta-
bilized) molten globule state [11–13]. In addition, these
residual structures are observed mainly in segments that
fold first [14,15], so the residual structures observed in
these fragments are believed to reflect conformations that
prevail in the early stage of protein folding, when local
interactions predominate [2,16].

Bovine �-lactoglobulin is a predominantly �-sheet protein
with nine �-strands (A–I) and one �-helix [17] (Fig. 1).
Although �-lactoglobulin exists as a dimer at neutral pH
and as a monomer below pH 3, it still retains a native con-
formation even at pH 2. Its folding process has been
studied by circular dichroism (CD) stopped-flow experi-
ments, and it has been shown that the CD signal exhibits
an ‘overshoot’ phenomenon [18,19]. This means that the
residue ellipticity is larger (in absolute value) at the burst

phase intermediate of folding than in the final native
state. The additional residual ellipticity is often inter-
preted as a far-UV CD contribution of the aromatic
groups. However, this additional contribution can also be
interpreted as an increase in helical structure. This alter-
native interpretation is compatible with more recent
kinetic experiments at different wavelengths; the kinetic
far-UV CD spectrum of the overshoot intermediate
strongly suggests the transient accumulation of a partly �-
helical intermediate [19,20]. The possibility of a helical
intermediate is further reinforced by the observation of a
high helical preference for the �-lactoglobulin amino acid
sequence, which was clarified by the addition of 2,2,2-tri-
fluoroethanol (TFE) [21] and also by the reduction of the
disulfide bridges [21]. This unusual preference of the �-
lactoglobulin sequence for helical structure is also
observed when methanol and propanol are added [22].
Thus, these reports further support the idea that the intact
sequence of �-lactoglobulin has an intrinsic preference to
adopt helical structure, and that the tertiary structure
along with the disulfide bridges have an essential role in
stabilizing the native �-strands of �-lactoglobulin.

In a previous paper [23], we reported that two peptide frag-
ments of bovine �-lactoglobulin B which form �-strands in
the native structure exhibit high helical preferences. In
this paper, we further characterize the structures of the
four isolated peptides of �-lactoglobulin B, including those
reported previously, by two-dimensional nuclear magnetic
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resonance (2D-NMR) and show a rather high helical pref-
erence for all the peptides. The observed high helical
propensities are consistent with the predicted secondary
structure propensities. The results suggest a case of non-
hierarchical protein folding, in which non-native �-struc-
tures may be involved in the early stage of protein folding. 

Results and discussion
Selection of the peptides
The spatial positions of the segments with sequences cor-
responding to those of the synthetic peptides (Table 1)
are shown in Figure 1. The sequences of fragments 1–3
correspond to the A, D and F strands, respectively. The
sequence of fragment 4 corresponds to the helix which
extends from residues 130–140 and is located between
strands G and I. It is noted that fragment 3 (85–101) in the
present manuscript was not included in the previous study
[23] and fragment 4 (127–142) in the present manuscript
corresponds to fragment 3 in the previous study [23].
These peptide segments were of particular interest
because they were predicted to have a high helicity by
secondary structure prediction methods [24] (see below).
In determining the precise location for our fragments, we
chose regions that include negatively and positively
charged groups located at the N and C termini, respec-
tively, to counter-balance the macrodipole of the helix.

Far-UV CD
The far-UV CD spectra of these fragments at pH 2
showed that the peptides retain residual helical struc-
tures even in aqueous solution (Fig. 2; Table 2; see also
[23]). The peptides showed similar helical preferences at
pH 7 (data not shown). However, because some of them
exhibited a tendency to aggregate at pH 7 at the concen-
tration used for the NMR measurements (1 mM), we
carried out the following measurements at pH 2, where
the native state is still intact. First, the helicity of frag-
ment 4 which corresponds to the �-helix in the native 
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Figure 1

Schematic structure of bovine �-lactoglobulin drawn using Molscript
[46]. The segments corresponding to the synthetic peptide fragments
1, 2, 3 and 4 are colored purple, red, green and yellow, respectively.
Fragment 4 corresponds to the helix formed between residues 130
and 140 and is used as a control fragment.

Table 1

Sequences of bovine �-lactoglobulin B fragments.

Fragment 1 Ac-D I Q K V15 A G T W Y20 S L A M A25 A S D-NH2
(11–28)

Fragment 2 Ac-W E N G E65 C A Q K K70 I I A E K75 T K-NH2
(61–77)

Fragment 3 Ac-D85 A L N E N90 K V L V L95 D T D Y K100 K-NH2
(85–101)

Fragment 4 Ac-Y E V D D130 E A L E K135 F D K A L140 K A-NH2
(127–142)

The sequences of the four peptides are shown with residue numbers
corresponding to those of the intact �-lactoglobulin. An additional
tyrosine residue has been added to the N terminus of fragment 4 for
concentration determination.

Figure 2

Far-UV CD spectrum of fragment 2 in the presence (solid line) and
absence (broken line) of 80% TFE at pH 2.0 and 20°C.
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�-lactoglobulin is ~17% in water (Table 2). This value is
larger than those observed for the peptides correspond-
ing to the helices of myohemerythrin [25]. It is, however,
smaller than the helicity of the 15-residue peptide corre-
sponding to the C-terminal helix of cytochrome c [3] or
the C-peptide of RNase A [26,27], which exhibit espe-
cially high helicity even in aqueous solution. Thus, the
residual helicity in fragment 4 is high but not excep-
tional.

On the other hand, the three other peptides correspond-
ing to �-strands in the native protein have helicities
similar to that observed for fragment 4 (Fig. 2; Table 2),
although the helicity in fragment 3 (~9%) is slightly less
than that of the others. This was less anticipated, as from
a consistency point of view [8] one expects the same (if
any) structures to be stabilized by local and non-local
interactions. Inevitably, examples of residual structures
adopting a �-strand are not many [28–30], because non-
local interactions are absent in such fragments. For an
example of a stable �-sheet peptide, Searle et al. [30]
reported that a 16-residue peptide derived from the N-
terminal sequence of ubiquitin forms a monomeric �-
hairpin in aqueous solution. Instead, peptides
corresponding to �-strands in the native structure are
often unfolded in water [31].

Although the far-UV CD spectra of fragments 1–3 in water
are intermediate between random coil and helix, they are
more characteristic of �-helix than those of peptides corre-

sponding to helices A, B and C of myohemerythrin [25].
They are actually close to the spectra of myohemerythrin
peptides in 10–15% TFE. 

TFE usually increases the helicity of fragments in
regions that form helices in the native structure, while
leaving those derived from �-regions essentially unstruc-
tured [31–33]. Thus, the effect of TFE is generally con-
sidered to be specific. In some cases, TFE increased the
helicity of peptides derived from �-strands, but the helic-
ity is quite low, at most 50% [29,33,34], and the coil-to-
helix transition is broad [23]. In contrast, the TFE
dependencies of �-lactoglobulin peptides show a highly
cooperative coil-to-helix transition [23]. Such an abrupt
transition is clearly distinct from the gradual increase (if
any) usually observed for peptide sequences correspond-
ing to other �-proteins and emphasizes the high intrinsic
helical preference of the peptides [23]. A high helical
propensity in the presence of TFE is also reported for a
15-residue peptide including the last �-strand region
from ubiquitin [35].

NMR analysis
The NMR analyses were performed for fragments 2, 3
and 4. To increase the solubility of fragment 2, we used a
peptide with a free N terminus. The CD spectrum of the
peptide with a free N terminus was the same as that with
an acetylated N terminus. Some of the NMR data for frag-
ment 2 have been reported previously [23]. NMR analy-
ses could not be carried out for fragment 1 because it
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Table 2

Mean residue ellipticity at 222 nm and helicity. 

Peptide* [�]222 Helicity Predicted [�]222 Helicity
in water† in water‡ helicity§ in 50% in 50%

TFE† TFE‡

Fragment 1 –6400 17.4 7.0 –29100 81.5
(13.4) (6.1) (88.3)

Fragment 2 –5500 14.8 3.5 –20100 56.1
(10.4) (7.2) (58.6)

Fragment 3 –3300 8.6 2.1 –27100 75.8
(3.1) (1.4) (81.7)

Fragment 4 –6200 16.8 4.8 –23500 65.7
(12.7) (11.8) (69.8)

RCM �-lactoglobulin –6400 17.4 3.8 –27100 75.8
(13.4) (5.3) (81.7)

*The fragment sequences are listed in Table 1. For CD experiments,
both N and C termini were protected by acetylation and amidation.
RCM �-lactoglobulin is the �-lactoglobulin polypeptide with the two
disulfide bridges reduced and carboxymethylated [23]. †In 20 mM HCl
at pH 2.0. ‡The helicity was estimated from ellipticity values at 222 nm
([�]222) according to ƒH = –([�]222 + 260)/35647 (T=20°C, and
N = 17 in Scholtz et al. [44]). For comparison, the helicity computed
using ƒH = –([�]222 + 2340)/30300 is listed in parenthesis [45].

§Averaged helicity predicted for peptides with the program AGADIR
[35]. The conditions were as follows: 278K, pH 2 and both ends
protected. The values in parenthesis are calculated for pH 7. As a
control for this program to reproduce experimental helicities, we found
a good correlation of the predicted helicity with experimentally
measured values for three peptides derived from cytochrome c [3], for
peptide III (which is an analog of the C-peptide [42]), and for a peptide
derived from lysozyme that does not form helices.



formed gels at concentrations around 1 mM, both in H2O
and in 50% TFE/H2O. We also tried to increase the solu-
bility of the peptide either by varying the pH or by using
peptides with free termini, but without success. The
assignment of the NMR resonances was obtained by stan-
dard sequential assignment method [37] using double
quantum filtered correlation spectroscopy (DQF-COSY),
nuclear Overhauser effect spectroscopy (NOESY; with
mixing times of 250 and 350 ms) and total correlation
spectroscopy (TOCSY; with mixing times of 40 and
80 ms) experiments. All peaks were assigned and tables of
H-NMR resonance assignments of fragments 3 and 4 are
available as Supplementary material (published with this
paper on the internet; see [23] for the chemical shifts of
fragment 2). 

In general, the resonances were well dispersed with many
H� peaks shifted below 4 ppm. Panels a and b of Figure 3
show the amide-C� regions of the NOESY spectra of frag-
ments 3 and 4, respectively (see [23] for the NMR spectra
of fragment 2). Many strong N(i,i+1) signals were
observed. This, in conjunction with the presence of weak
�N(i,i+1) signals, is characteristic of helical structures
(Fig. 4). In addition, �N(i,i+3) and ��(i,i+3) signals
support the presence of helical structures in the three pep-

tides (Figs 3,4). Although the distinction between �-
helices and 310-helices on only the basis of the present
NMR data is difficult, it is interesting to notice some
�N(i,i+4) resonances (Fig. 3), which suggest � rather than
310 structures [37].

The chemical shifts of the � protons are generally shifted
upfield when the backbone adopts a helical conformation
[36]. Combined with the observation of medium-range
NOEs, the differences between the chemical shifts of the
peptides and the values reported for random coils [37] can
yield meaningful information on the extension of helical
structures. As one anticipates, the NMR data confirm that
the body of the peptides are helical whereas the ends are
frayed (Fig. 4). 

Comparison of this result with the structures observed in
the native state [17] is instructive. According to the
Kabsch and Sander algorithm [38], strand D starts at
residue 68 and ends at 75, whereas the helix is observed in
the fragment from residue 64 to residue 75 (Fig. 4). Simi-
larly, strand F extends from residues 91–97, whereas the
helix is formed in the peptide fragment by residues
90–101. This means that the helices are formed by the
very same residues involved in the �-strands of the native
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Figure 3

Fingerprint region of the NOESY spectra of (a) fragment 3 and (b)
fragment 4. The spectra were measured in 50% TFE/H2O at 20°C,
pH 2.2 and the mixing time was 250 ms. The peptide concentrations
determined spectrophotometrically using molar absorption coefficients
of 1400 and 5600 for tyrosine and tryptophan, respectively, were

3.3 mM for fragment 3 and 4.5 mM for fragment 4. The chemical shifts
are in ppm and are referenced to 2,2-dimethyl-2-silapentane-5-
sulfonate. The sequential assignments are indicated as well as i, i+3
signals.



structure. Thus, the helices observed by far-UV CD are
not artifacts arising from adjacent residues which form coil
in the native structure.

Finally, it should be noted that no minor signals were
observed and that all observed peaks were identified. As
we do not expect these short peptides to form rigid
helices, we interpret the absence of minor peaks in terms
of a dynamic equilibrium, with the major species being in
a helical conformation. The sharpness of the signals also
suggests that the exchange occurs in the fast exchange

limit (fast exchange with respect to chemical shift, i.e.
faster than one-tenth of a millisecond).

Intrinsic preference for helical conformation
The present observation of helical conformations is sup-
ported by secondary structure prediction methods. Panels
a and b of Figure 5 show the results of secondary structure
prediction by a joint prediction method [24] and PHD
method [39–41], respectively. Both are three-state predic-
tion methods, predicting the probabilities of �-helix, �-
sheet, and coil (or loop) on the basis of the structural
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Figure 4

Summary of the sequential and medium-range
NOE connectivities of (a) fragment 2, (b)
fragment 3 and (c) fragment 4. The thickness
of the lines reflects the intensity of the
sequential connectivities, i.e. strong, medium,
and weak, according to the number of cross-
peak contours. The lower plots show the
difference of chemical shifts of �-protons
between the values measured in our (helical)
peptides and for random coil in tripeptides
[37].



database, including various information to improve the
accuracy of prediction. The PHD method, which uses
multiple sequence alignment in order to find out the fami-
ly’s secondary structure, may be the best method avail-
able, achieving a three-state prediction accuracy better
than 70%. It is argued that PHD gives a better prediction
of �-strand, the most difficult of the three states to
predict, than other methods. In the case of the PHD pre-
diction of �-lactoglobulin, the 17 related proteins were
aligned, although the crystallographic structure of none of
them was available. It is noted that the X-ray coordinates
of �-lactoglobulin, kindly provided by L Sawyer, are not
yet in the Protein Data Bank.

The results of the joint method (Fig. 5a) and PHD
method (Fig. 5b) are similar to each other. Both methods
emphasize that the preferred backbone configuration of �-
lactoglobulin is the helical one. It is remarkable that PHD,
probably the best method to predict �-strand, predicted
most of the strands to be helix. Both methods predicted
the C-terminal helix (130–140) correctly. The parameters
in these methods are calculated from different native
structures without explicit consideration of protein folds,
and therefore one can expect that the contribution of the
non-local interaction is averaged out. This averaging, and
the fact that the non-local interaction is essential for deter-
mining the secondary structures of �-lactoglobulin, may
be the origin of the marked failure of secondary prediction
methods to predict the native �-strands. Thus, these
methods predict that the amino acid sequence of �-lac-
toglobulin intrinsically prefers helices compared to �-
strands and coil structures. In other words, the consistency
principle [8] is violated in the case of �-lactoglobulin. Still,
we should be careful when claiming the violation of the

consistency principle, as no natural proteins are expected
to strictly follow the consistency principle. 

Because the amino acid sequence of �-lactoglobulin is
predicted to adopt an �-helical rather than a �-structure,
we can further analyze this helical preference using a
helix-coil prediction method developed for peptides
(AGADIR [35]). This program considers only the coil and
helix states (i.e. a two-state prediction) and, in contrast to
usual secondary prediction methods, does not include
long-range structure effects either explicitly or implicitly.
It cannot indicate whether our peptides have a preference
for �-structure, but it is well adapted to compute the
helicity of our peptides in the absence of tertiary struc-
tures, as our peptides do not have an intrinsic preference
for �-strands (Fig. 5). 

Figure 6 shows the predicted helical propensity of �-lac-
toglobulin and fragments 1–4. According to AGADIR, at
pH 2 fragment 1 corresponds to a region that is more
helical than the other regions, and some residues have
predicted helicity up to 13%. The average helicities of the
peptides are lowered because of end effects, and the
average predicted helicities range from ~2% for fragment
3 to 7% for fragment 1 (Table 2). It is noted that the order
of the calculated helical preference at pH 2 in water of the
four fragments agreed with the observed order (i.e. frag-
ment 1 > fragment 4 > fragment 2 > fragment 3). 

Implications for protein folding and design 
The concordance of the results obtained from peptide frag-
ments experiments and hydrogen exchange experiments
(both in native and in equilibrium intermediate states)
[1,3,26,42,43] seems to support the hierarchical protein
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Figure 5
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Predicted secondary structures of bovine �-lactoglobulin B by (a) a
joint method [24] and (b) a PHD method [39–41].  See Fig. 6 for the

secondary structures and their locations in the native �-lactoglobulin.



folding model, in which native-like secondary structures
are formed in some regions of the unfolded protein and
serve as initiation sites of protein folding [9,10]. The
results are also consistent with the consistency principle
[8]. Whereas the previous studies emphasized that the
rate-limiting step of protein folding is located between the
structured molten globule state and the native state, recent
observations of rapid protein folding without detectable
accumulation of the intermediate argue that folding of
small globular proteins follows a nucleation-condensation
mechanism [9,10]. Although the two models are different
in the location of the rate-limiting step, both are similar in
the sense that the elements of native structures are formed
sequentially (i.e. hierarchical mechanism of protein
folding). As mentioned above, our results suggest that �-
lactoglobulin violates, at least partly, the consistency prin-
ciple. The implications of the present results for the
mechanism of protein folding and consequently for de novo
design of proteins and peptides are significant.

The high helical preference of �-lactoglobulin and its frag-
ments provides a reasonable interpretation for the over-
shoot phenomenon observed during the refolding reaction
of this protein and strongly suggests the transient accumu-
lation of a partly �-helical intermediate before formation of
the native �-sheet structure [19,20]. Still, it is an important
open issue whether such a non-native �-helical intermedi-
ate is a productive intermediate located on the correct
folding pathway or a trapped intermediate preventing the
rapid and smooth folding of this protein. Nevertheless, the
refolding kinetics of �-lactoglobulin and its high helical

preference imply that the non-hierarchical protein folding
does occur at least for some �-sheet proteins. 

Another important implication is for the design of proteins
and peptides. When we design the conformation of pro-
teins and peptides, we assume that the designed structure
is similar to that in the model native structure. The
present results provide an excellent example that this is
not necessarily true. In the case of �-lactoglobulin,
although the local interactions favor �-helix, �-sheet is sta-
bilized in the native structure because of the participation
of non-local interactions. The various methods of sec-
ondary structure prediction, which cannot consider the
unique non-local interactions, concluded that �-lactoglob-
ulin has a very high preference for �-helix. Indeed, the
fragments of �-lactoglobulin as well as the disulfide-
reduced �-lactoglobulin [21] exhibit markedly high helical
preference, validating the secondary structure prediction. 

It is expected that the extent of disagreement between
the intrinsic secondary structure propensities and the
native propensities varies depending on the protein
species. Shiraki et al. [21] showed that �-lactoglobulin is
not an exceptional case but is located at the edge of varia-
tion. Therefore, when we design a protein or peptide in
which the native-like tertiary interaction is absent or
ambiguous, we should consider the possibility that the
conformation is not necessarily similar to that in the native
state. In such a case, we should pay attention to the sec-
ondary structure prediction, which might be more reliable
than that anticipated from the reference native structure. 
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Figure 6

Helicity of bovine �-lactoglobulin B predicted
with the program AGADIR [35]. The
conditions were as follows: 278K, pH 2 and
both ends protected. The continuous line
represents the helicity calculated for the entire
�-lactoglobulin sequence. The open circles
represent the helicities of the peptides
synthesized in this study. The fragment
numbers are indicated. The location of nine �-
sheet segments (A–I) and an �-helical
segment (dotted line) of the native �-
lactoglobulin as determined by the DSSP
algorithm [38] are indicated.
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Materials and methods
Peptide synthesis
The peptides were synthesized according to the standard protocol of
solid phase method (Fmoc chemistry) with an Applied Biosystems
peptide synthesizer (model 430A). The N terminus was acetylated
before cleavage from the resin (4-(-2′,4′ dimethoxyphenyl-Fmocamino-
methyl) phenoxy resin). The crude peptides were purified with a
reversed phase HPLC (Senshu Pak, C18, 5�, 300 Å). The purity of the
peptides were checked by analytical reversed phase HPLC, amino acid
analysis and electrospray ionization mass spectroscopy.

CD
CD measurements were carried out with a Jasco spectropolarimeter,
model J-500A, at 20°C at pH 2. Mean residue ellipticity [�] was
expressed in deg cm2 dmol–1. The peptide concentrations were
0.1–0.2 mg ml–1, and a cell of 1 mm light path was used. Typically,
20 �l of peptide fragments at a protein concentration of 1 mg ml–1, dis-
solved in 20 mM HCl, was mixed in 180 �l of 20 mM HCl (pH 1.8).
The final pH of the solution containing peptides is 2.0. The protein con-
centrations were determined spectrophotometrically using the molar
absorption coefficients at 280 nm. 

NMR
DQF-COSY, NOESY with mixing times of 150, 250 and 350 ms, and
TOCSY with a mixing time of 40 and 80 ms experiments were
recorded with 512 t1 increments and 2K data points. The experimental
data were zero filled to give a 4K × 2K data matrix. The spectra were
recorded at 20°C and pH 2.2 in 50% (v/v) H2O/TFE with an AM500
Bruker spectrometer. 

Supplementary material
Tables of H-NMR resonance assignments of fragments 3 and 4 are
published with this paper on the internet.

Acknowledgements
We thank L Serrano (EMBL, Heidelberg) for providing us with the program
AGADIR, C Sander and B Rost (EMBL, Heidelberg) for advice about their
PHD program, and L Sawyer (University of Edinburgh, UK) for the �-lac-
toglobulin coordinates. We thank H Nakamura for his interest in this work.
This work was supported in part by Grants-in-Aid for Scientific Research
from the Ministry of Education, Science and Culture of Japan, by fellowships
from the Japan Society for Promotion of Science for Japanese Junior Scien-
tists, and by the Ciba-Geigy Foundation (Japan) for the Promotion of
Science.

References
1. Collawn, J.F. & Paterson, Y. (1990). Stabilization of helical structure in

two 17-residue amphipathic analogues of the C-terminal peptide of
cytochrome c. Biopolymers 29, 1289–1296.

2. Dyson, H.J. & Wright, P.E. (1993). Peptide conformation and protein
folding. Curr. Opin. Struct. Biol. 3, 60–65.

3. Kuroda, Y. (1993). Residual helical structure in the C-terminal frag-
ment of cytochrome c. Biochemistry 32, 1219–1224.

4. McLeish, M.J., Nielsen, K.J., Wade, J.D. & Craik, D. (1993). A peptide
corresponding to the N-terminal 13 residues of T4 lysozyme forms an
�-helix. FEBS Lett. 315, 323–328.

5. Oas, T.G. & Kim, P.S. (1988). A peptide model of a protein folding
intermediate. Nature 336, 42–48.

6. Waltho, P.J., Feher, V.A., Merutka, G., Dyson, H.J. & Wright, P.E.
(1993). Peptide models of protein folding initiation sites. 1. Secondary
structure formations by peptides corresponding to the G- and H-
helices of myoglobin. Biochemistry 32, 6337–6347.

7. Wu, L.C., Laub, P.B., Elöve, A., Carey, J. & Roder, H. (1993). A nonco-
valent peptide complex as a model for an early folding intermediate of
cytochrome c. Biochemistry 32, 10271–10276.

8. Go, N. (1983). Theoretical studies of protein folding. Annu. Rev.
Biophys. Bioeng. 12, 183–210.

9. Kim, P.S. & Baldwin, R.L. (1982). Specific intermediates in the folding
reaction of small proteins and the mechanism of protein folding. Annu.
Rev. Biochem. 51, 459–489.

10. Baldwin, R.L. (1995). The nature of protein folding pathways: the clas-
sical view versus the new view. J. Biomol. NMR 5, 103–109.

11. Hughson, F.M., Wright, P.E. & Baldwin, R.L. (1990). Structural charac-
terization of a partly folded state of apomyoglobin. Science 249,
1544–1548.

12. Jeng, M., Englander, S.W., Elöve, G.A., Wand, A.J. & Roder, H. (1990).
Structural description of acid-denatured cytochrome c by hydrogen
exchange and 2D-NMR. Biochemistry 29, 10433–10437.

13. Kuroda, Y., Endo, S., Nagayama, K. & Wada, A. (1995). Stability of �-
helices in the molten globule state of cytochrome c by hydrogen deu-
terium exchange and two-dimensional NMR spectroscopy. J. Mol.
Biol. 247, 682–688.

14. Jennings, P.A. & Wright, P.E. (1993). Formation of a molten globule
intermediate early in the kinetic folding pathway of apomyoglobin.
Science 262, 892–896.

15. Roder, H., Elöve, G.A. & Englander, S.W. (1988). Structural character-
ization of folding intermediates in cytochrome c by H-exchange label-
ing and proton NMR. Nature 335, 700–704.

16. Wright, P.E., Dyson, H.J. & Lerner, R.A. (1988). Conformation of
peptide fragments of proteins in aqueous solution: implication for initi-
ation of protein folding. Biochemistry 27, 7167–7175.

17. Papiz, M.Z., et al., & Kraulis, P.J. (1986). The structure of �-lactoglobu-
lin and its similarity to plasma retinol-binding protein. Nature 324,
383–385.

18. Kuwajima, K., Yamaya, H., Miwa, S., Sugai, S. & Nagamura, T. (1987).
Rapid formation of secondary structure framework in protein folding
studied by stopped flow circular dichroism. FEBS Lett. 221, 115–118.

19. Hamada, D., Segawa, S. & Goto, Y. (1996). Refolding of �-lactoglobu-
lin via �-helical intermediate. submitted.

20. Kuwajima, K. (1996). Stopped-flow circular dichroism. In Circular
Dichroism: Conformational Analysis of Biomolecules. (Fasman, G.D.,
ed.) Plenum, New York, in press.

21. Shiraki, K., Nishikawa, K. & Goto, Y. (1995). Trifluoroethanol stabiliza-
tion of the �-helical structure of �-lactoglobulin: implication for non-
hierarchical protein folding. J. Mol. Biol. 245, 180–194.

22. Dufour, E., Bertrand-Harb, C. & Haertle, T. (1993). Reversible effect of
medium dielectric constant on structural transformation of �-lactoglob-
ulin and its retinol binding. Biopolymer 33, 589–598.

23. Hamada, D., Kuroda, Y., Tanaka, T. & Goto, Y. (1995). High helical
propensity of the peptide fragments derived from blactoglobulin, a pre-
dominantly �-sheet protein: implication for non-hierarchical protein
folding. J. Mol. Biol. 254, 737–740.

24. Nishikawa, K. & Noguchi, T. (1991). Predicting protein secondary
structure based on amino acid sequence. Methods Enzymol. 202,
31–44.

25. Dyson, H.J., Merutka, G., Waltho, J.P., Lerner, R.A. & Wright, P.E.
(1992). Folding of peptide fragments comprising the complete
sequence of proteins. Models for initiation of protein folding. I. Myohe-
merythrin. J. Mol. Biol. 226, 795–817.

26. Brown, J.E. & Klee, W.A. (1971). Helix-coil transition of the isolated
amino terminus of ribonuclease. Biochemistry 10, 470–476.

27. Shoemaker, K.R., Kim, P.S., York, E.J., Stewart, J.M. & Baldwin, R.L.
(1987). Tests of the helix dipole model for stabilization of �-helices.
Nature 326, 563–567.

28. Blanco, F.J., Rivas, G. & Serrano, L. (1994). A short linear peptide that
folds into a native stable �-hairpin in aqueous solution. Nat. Struct.
Biol. 1, 584–590.

29. Yang, J.J., Pitkeathly, M. & Radford, S.E. (1994). Far-uv circular dichro-
ism reveals a conformational switch in a peptide fragment from the �-
sheet of hen lysozyme. Biochemistry 33, 7345–7353.

30. Searle, M., Williams, D.H. & Packman, L.C. (1995). A short linear
peptide derived from the N-terminal sequence of ubiquitin folds into a
water-stable non-native �-hairpin. Nat. Struct. Biol. 2, 999–1006.

31. Dyson, J., Sayre, J.R., Merutka, G., Shin, H.C., Lerner, R.A. & Wright,
P.E. (1992). Folding of peptide fragments comprising the complete
sequence of proteins. Models for initiation of protein folding. II. Plasto-
cyanin. J. Mol. Biol. 226, 819–835.

32. Segawa, S., Fukuno, T., Fujiwara, K. & Noda, Y. (1991). Local struc-
tures in unfolded lysozyme and correlation with secondary structures
in the native conformation: helix forming or breaking propensity of
peptide segments. Biopolymers 31, 497–509.

33. Yang, J.J., et al., & Radford, S.E. (1995). Conformational properties of
four peptides spanning the sequence of hen lysozyme. J. Mol. Biol.
252, 483–911.

34. Shönnichsen, F.D., Van Eyk, J.E., Hodges, R.S. & Sykes, B.D. (1992).
Effect of trifluoroethanol on protein structure. An NMR and CD study
using a synthetic actin peptide. Biochemistry 31, 8790–8798.

262 Folding & Design Vol 1 No 4



35. Muñoz, V. & Serrano, L. (1994). Elucidating the folding problem of
helical peptides in solution. Nat. Struct. Biol. 1, 399–409.

36. Wishart, D.S., Sykes, B.D. & Richards, F.M. (1991). Relationship
between nuclear magnetic resonance chemical shift and protein sec-
ondary structure. J. Mol. Biol. 222, 311–333.

37. Wüthrich, K. (1986). NMR of Proteins and Nucleic Acids. Wiley-Inter-
science, New York.

38. Kabsch, W. & Sander, C. (1983). Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 22, 2577–2637.

39. Rost, B. & Sander, C. (1994). Combining evolutionary information and
neural networks to predict protein secondary structure. Proteins 19,
55–72.

40. Rost, B. & Sander, C. (1993). Prediction of protein secondary struc-
ture at better than 70% accuracy. J. Mol. Biol. 232, 584–599.

41. Rost, B., Sander, C. & Schneider, R. (1994). PHD—an automatic mail
server for protein secondary structure prediction. CABIOS 10, 53–60.

42. Bierzynski, A., Kim, P.S. & Baldwin, R.L. (1982). A salt bridge stabilizes
the helix formed by isolated C-peptide of RNase A. Proc. Natl. Acad.
Sci. USA 79, 2470–2474.

43. Sancho, J., Neira, J.L. & Fersht, A.R. (1992). An N-terminal fragment of
barnase has residual helical structure similar to that in a refolding inter-
mediate. J. Mol. Biol. 224, 749–758.

44. Scholtz, J.M., Qian, H., York, E.J., Stewart, J.M. & Baldwin, R.L. (1991).
Parameters of helix-coil transition theory for alanine based peptides of
varying chain lengths in water. Biopolymers 31, 1463–1470.

45. Chen, Y.-H., Yang, J.T. & Martinez, H.M. (1972). Determination of the
secondary structure of proteins by circular dichroism and optical rota-
tory dispersion. Biochemistry 11, 4120–4131.

46. Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both detailed
and schematic plots of protein structures. J. Appl. Crystallogr. 24,
946–950.

Research Paper Helical fragments of �-lactoglobulin Kuroda et al. 263

Because Folding & Design operates a ‘Continuous Publication
System’ for Research Papers, this paper has been published
via the internet before being printed. The paper can be found
in the BioMedNet library at http://BioMedNet.com/ — for
further information, see the explanation on the contents page.


