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A Synthetic Peptide Study on the Molten Globule of a-Lactalbumin1
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We investigated the conformations of peptides that encompass the B helix or C helix region
formed in the molten globule of bovine a-lactalbumin to get information on the molecular
mechanism that stabilizes the molten globule. The CD spectra show that the isolated B and
C helices are intrinsically unstable. The chemical shifts, NOE connectivities, and CD
spectrum indicate that no helical structure is induced in the C helix region (86-99) by
extending the peptide sequence to include the hydrophobic cluster region (101-107),
although the hydrophobic cluster region can be regarded as a possible initiation site for
folding of the protein. We also clarified that the isolated B helix (23-34) peptide does not
directly interact with the C helix or hydrophobic cluster region. These results suggest that
the B and C helices in the molten globule are stabilized by their interaction with other parts
of the protein.
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The molten globule state is a well-defined equilibrium
intermediate state that shares many properties of a tran-
siently populated intermediate in the course of folding. The
characteristic features of the molten globule state are a
substantial content of a secondary structure which is
presumed to be largely native-like, a compactness which is
similar to that of the native state, but substantially dis-
ordered tertiary interactions (2-3). The most extensively
characterized molten globule state is that of a-lactalbumin
which is obtained by acid-induced unfolding at pH 2 or by
removing a bound Ca2+ at neutral pH (1, 4).

The native conformation of a-lactalbumin is composed of
two domains, a -domain and /?-domain. The former is
formed by four a-helices, A (5-11), B (23-34), C (86-99),
and D (105-109), and the latter contains a small antiparal-
lel /S-sheet (40-50) (5-8) (Fig. 1). It has recently been
shown by disulfide rearrangement experiments with
mutant a-lactalbumin that the a-domain has a native-like
backbone topology and the fi- domain is predominantly
disordered in the molten globule state (9, 20). This is
consistent with the result that limited proteolysis of the
molten globule state occurs at sites located in the >9-domain
(11). Two-dimensional NMR studies utilizing hydrogen
exchange and pH-jump have also shown that the B and C
helices are persistent in the molten globule (12-14).
Furthermore, a direct NMR investigation of the molten
globule has indicated that a non-native hydrophobic cluster
is formed in the 101-107 region, which is located between
the B and C helices in the native structure (13) (Fig. 1).
These results suggest that the B and C helices and the 101-
107 region interact with each other and stabilize a core
structure in the molten globule. However, the detailed
mechanism of stabilization of the molten globule, i.e., the
interaction operative at an early stage of protein folding, is
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Abbreviation: NOE, nuclear Overhauser enhancement.

not yet fully understood. One way to dissect interactions
responsible for stabilization of the molten globule structure
is to investigate the effect of amino acid substitution on the
stability of the structure (15-17); another is to ask
whether a part of the molecule can assume a local structure
observed in the whole molecule (9, 18). Uchiyama et al.
(19) have recently shown that replacements of Thr or Ala
residues in the B helix with He result in stabilization of the
molten globule state of a-lactalbumin and suggested the
importance of hydrophobic interaction in this stabilization.

In this study, we synthesized three peptides that encom-
pass the helices or the hydrophobic cluster region formed in
the molten globule of bovine a-lactalbumin to get further
information on the molecular mechanism of stabilizing the
molten globule. The peptides B14 and C17 were synthe-
sized to investigate the intrinsic helical propensities of the
B and C helices. These peptides correspond to the regions
22-35 and 84-100 and encompass the B and C helices,
respectively. The peptide C24 (residue 84-107) was also
synthesized to examine whether the C helix is stabilized by
interaction with the hydrophobic cluster in the 101-107
region. Furthermore, we studied whether B14 and C24 can
interact noncovalently with each other and stabilize the
helices, even though much of the intervening polypeptide
chain is absent.

MATERIALS AND METHODS

Materials—The sequences of peptides used in this study
are shown in Table I. The peptides were synthesized on
EXCELL or 9050 peptide synthesizers (MilliGen/Bio-
search). Fluorenyhnethyloxy-carbonyl (Fmoc) amino acids
were coupled onto the PAL resin (MilliGen/Biosearch) so
that the resultant peptides have an amide group at the C
terminus. For coupling the Cys residue, iV-Fmoc-S-ace-
tamidomethylcysteine was used, leaving the S-acetamido-
methyl group in the peptides. Before cleavage of the
peptides from resins, portions of the peptides were
Af-acetylated with ./V-acetyl imidazol (AcB14, AcCl7,
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TABLE I. Peptide sequence of H7, B14, C17, and C24.
Pepbde

H7
C17
C24
*

B14

Sequence
84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107

C-helix in the N-state

D L T D D I M C V K K I L N
D L T D D I M C V K K I L N
22 23 24 25 26 27 28 29 30 31 32 33 34 35

B-helix in the N-state
S L P E W V C T T F H T S G (NH,

K
K

V
V

G
G

L
(NH,

L

N
,)
N

Y

Y

W

W

L

L

A

A

H

H

(NH,)

(NH,)

• The number shows the amino acid position of bovine a--lactalbumin

C-terminal

22

J01-107

Pirn, 1, 8 ih i <•!. ti

84-100
rA 1 1 |

and that of the internal reference TSP. The AcBl4 and
AcC24 peptides concentrations were determined by assum-
ing molar extinction coefficients at 280 nm for tryptophan
andtyrosine residues of 5,559 and 1,197 M"1-cm"1, respec-
tively (20). The mean residue ellipticity, [0], was calcu-
lated from the relationship [0] = 0 X l/(10lcN), where 0 is
the observed ellipticity, / is the path length in cm, c is molar
concentration of the peptide, and N is the number of amino
acid residues in the sequence.

NMR Measurements—Samples of the peptides were
prepared for NMR measurements in water (90% H2O/10%
D2O). The pH was adjusted to 2.0 with DC1. All pH values
were measured at room temperature, and not corrected for
deuterium isotope effect. TSP was used as an internal
chemical shift standard. NMR spectra were obtained on a
JEOL A-500 spectrometer at 35"C. Sequence-specific
assignments were achieved by DQF-COSY (21), HOHAHA
(22), NOESY (23), and ROESY (24). All two-dimensional
'H-NMR spectra were acquired in the phase-sensitive
mode with the TPPI-States method (25). HOHAHA were
recorded with spin-locking of longitudinal magnetization
for periods of 60 or 90 ms. NOESY spectra were recorded
with mixing times of 250-350 ms Water suppression was
achieved by presaturation. A total of 512 FIDs of 32 scans
H-OUI iBllaiHJ wtk 1.Q34 dntn point" m.nr n gnartril mirith

a-lactalbumin (5) produced with the program MolScript (43).
The polypeptide chain of the whole molecule is represented as a
ribbon model viewed from the /?-domain side. The regions that
correspond to the peptides synthesized in this study are shown as CPK
models.

AcC24). The peptides were purified by reverse-phase
HPLC (Waters //Bondasphere C18-100A 19x150 mm).
The amino acid sequences of unacetylated peptides were
verified by amino acid sequencing with an Applied Biosys-
tems 473A protein sequencer. Molecular weights of the
iV-acetylated peptides were determined by FAB mass
spectroscopy using a JEOL SX-102.

D2O (99.96% D) was obtained from Isotec. DC1 (99.5% D)
was obtained from Aldrich. NaOD (99.5% D) and TSP were
purchased from Merck.

CD Measurements—CD measurements were made at 5
or 35*C using a Jasco J-720 spectropolarimeter that was
calibrated with d-10-camphorsulfonic acid. Samples were
prepared in 1 mM citrate buffer of which ionic strength was
adjusted to 0.01 with KC1 (peptide concentration was 4-500
^M). Quartz cells with path lengths of 1 and 0.1 mm were
used depending on the sample concentration. The concen-
tration of a stock solution of AcC17 was determined by
comparison of the peak area of 'H NMR spectrum of AcCl7

8,000 Hz, with a 1.5 s recycle delay. Spectra were resolu-
tion enhanced by shifted sine-bell functions in both dimen-
sions.

RESULTS

CD spectra of AcB14 and AcCl7 at pH 2 and 5*C are shown
in Fig. 2. For these peptides, the diagnostic helical signals
at 208 and 222 nm are not observed, and a trough around at
200 nm is observed. This feature of the CD spectrum is
typical of random coil conformation (26). The CD spectra of
these peptides were essentially identical at any pH from 2
to 12, and addition of 0.1 M KC1 did not induce any CD
spectrum change. No indication of an ordered structure was
obtained by 'H NMR (see below). These results indicate
that the B and C helices of a-lactalbumin are intrinsically
unstable and that they are stabilized in the molten globule
state by their interaction with other parts of the protein.
The CD spectrum of AcC24 also indicates that AcC24 does
not adopt significant helical structures (Fig. 2). To confirm
that no helical structure at all is induced in AcC24 compar-
ed with AcCl7, however, it is necessary to know the
contribution of the region 101-107 to the CD spectrum of
AcC24. Therefore, we synthesized an additional peptide
corresponding to the region 101-107 (H7). To make the
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total number of peptide bonds of H7 and AcCl7 equal to the
_number_of-peptides-in-AcC24,.ihe-N^terminus-olH7-was-

not acetylated. The CD spectrum of H7 is shown in Fig. 3.
The positive CD band at 225 nm probably results from
aromatic CD contributions (27). In Fig. 3, the calculated
CD spectrum by adding the spectra of H7 and AcC17 is
compared with the spectrum of AcC24. Although the CD
spectrum of AcC24 differs from the sum of the spectra of
H7 and AcC17, it is not clear whether the difference
corresponds to the helix formation. We therefore inves-
tigated the conformations of C17 and C24 by 'H NMR.
Because AcC24 aggregates at higher concentration (>500
/<M), we used C17 and C24 instead of their acetylated
counterparts in the NMR study. The CD spectra of C17 and
C24 are identical with those of AcCl7 and AcC24, respec-
tively. The complete assignments of proton resonances of
the peptides were achieved using the sequential assignment
procedure (28). The sequential NOE between amide
protons and the medium-range NOE have not been ob-
served for C17. Figure 4 shows the chemical shift devia-
tions from the random coil values (28) for all observable
CaH. It is well known that the chemical shift of CffH is
sensitive to the backbone conformation of polypeptide
chain (29, 30). The chemical shift deviations of C17 are less
than 0.1 ppm, except for the N-terminal residues. These
NMR results as well as the CD spectrum indicate that C17
does not assume any ordered structure. Figure 4 also shows
the chemical shift deviations of C24. The chemical shifts of
the region 84-100 in C24 coincide well with those of C17,
indicating that no helical structure is induced in the C helix
region by extending the peptide sequence to include the
hydrophobic cluster region. The C-terminal region of C24
(101-107) shows significant deviation of the CaH chemical
shift from the random coil value. Similar shifts were
observed for H7 peptide (Fig. 4). It is not clear whether
these significant deviations from the random coil values
result from the detectable levels of structured conforma-
tions or from the ring current effect of Y103 or W104.
However, observation of several NOE cross-peaks between
NH resonances in the region 101-105 suggests that a
nonrandom conformation is formed in the region 101-105
(Fig. 5). Although no medium-range NOE was observed and
we have not been able to define the structure formed in the

o
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Fig. 2.
5"C.

-30000
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Wavelength (nm)

CD spectra of AcB14, AcC17, and AcC24 at pH 2.0 and

region 101-105, this result suggests that the region 101-
_105-may-be-an-initiation-sitefor_protein-folding

If the B and C helices in the molten globule state are
stabilized by interaction with each other or with the
hydrophobic cluster in the region 101-107, the helix may be
induced by complex formation of AcB14 and C24. We
therefore examined whether the CD spectrum is changed
by mixing AcB14 and C24. In this mixing experiment, the
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Fig. 3. Comparison of the CD spectrum of AcC24 with the sum
of the spectra of AcC17 and H7. The CD spectrum of H7 is also
shown. Conditions are the same as in Fig. 2. The spectrum summation
was done with the following equation: [c?]/um = (17x [c?]/cC17 + 7X
[0LH7)/24, where [c?]/cC17and [t?]/7 are the mean residue elUptici-
ties of AcC17 and H7 peptide, respectively, at the wavelength A.
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Fig. 4. The chemical shift deviations from the random coil
values are shown for the C«H resonances of AcB14 (a), C17 (•),
C24 (O), and H7 (•). Resonance assignments were done at pH 2.0
and 35'C.
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7.6
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Fig. 5. A portion of NOESY spectrum of C24 In 90% H2O and
10% DiO (pH 2.0,35'C), showing dU connectivities. The spectnim
was acquired with the mixing time of 250 ma.

peptide concentration should be as high as possible. There-
fore, we investigated concentration dependence of the CD
spectra of AcB14 and C24. The CD spectra of both peptides
were independent of concentration at least below 0.5 mM.
The spectrum of the peptide mixture was measured by
mixing equal volumes of 0.876 mM AcB14 and 0.856 mM
C24 solutions. As shown in Fig. 6, the spectrum of the
peptide mixture to coincident with the sum of the spectra of
individual peptides. This indicates that no structure is
induced by mixing and that no detectable complex forma-
tion occurs at the peptide concentration used. By adding
trifluoroethanol (TFE), both AcB14 and C24 assume helical
structures, as judged by CD spectra (not shown). The
ellipticities at 222 run are - 22,800 and - 33,800 deg-cm2/
dmol for AcB14 and C24, respectively, in 65% TFE. If 2%
of the peptides associated with each other and they assum-
ed helical structures, we could detect the CD spectrum
change. Therefore, even though AcB14 and C24 can inter-
act with each other in the absence of the other parts of the
protein molecule, the binding constant is estimated to be
lower than 50 M"1.

DISCUSSION

In this paper, we have shown that the peptides encompass-
ing the B or C helices of a-lactalbumin, which are known to
be formed in the molten globule state, assume no detectable
helical structures. Similar results have been observed for
other proteins. The A, G, and H helices formed in the
molten globule state of apomyoglobin are not stable in the
isolated peptides (15, 31-33). The N- and C-terminal
helices and the 60-75 helix, which are known to be formed
in the molten globule of cytochrome c, do not also assume
stable helix in the isolated peptides (78, 34-36). These
results indicate that the helix in the molten globule is
stabilized by some longer-range interactions. Our results
show that this is also the case for the molten globule of
bovine <r-lactalbumin. Chyan et al have mentioned that
peptides corresponding to the isolated B and C helices of
<ar-lactalbumin appear to be entirely unfolded in water,

-5000 -

« . -10000

— -15000 •

-20000 -

190 200 210 220 230 240 250

Wavelength (nm)

Fig. 6. Comparison of the CD spectrum of mixture of AcB14
and C24 peptides with the sum of the spectra of Individual
peptides.

although they have not shown the detailed experimental
results (14). Previous fragmentation studies of a-lactalbu-
min also showed that neither of the fragments 1-90 and 91-
123 assumes an appreciable amount of helix {37).

The residues responsible for the helix stabilization in the
molten globule have not yet been identified. A protein
dessection study by Peng and Kim (9) has shown that the
fi- domain (residues 40-80) is not essential for the helix
formation in the molten globule of a'-lactalbumin. Kim and
coworkers have also shown that the a- -domain has a native-
like backbone topology (9, 10). Therefore, the examination
of the native conformation (5-8) should reveal which
residues play a key role in stabilizing the B and C helices in
the molten globule. The B and C helices do not make contact
with each other in the native structure (Fig. 1). The 101-
107 region is located between the B and C helices in the
native structure, and the side chains of 1101 and W104 are
inserted into the space between the helices. In this study,
however, the interaction of the C helix with the 101-107
region was not detected in AcC24, and neither was the
direct interaction of the B helix with the C helix or the 101-
107 region. Kuroda points out that the weak interaction
between peptides is not detected by the simple mixing
experiment of peptides (36). He has shown that the
dimerization of peptides by disulfide bridges enhances the
helicity of peptides through nonspecific interactions be-
tween the two helices. In intact a -lactalbumin, the B and C
helices are linked by the intervening polypeptide chain
(residues 36-83) and the disulfide bond between Cys28 and
Cysl l l . These covalent Unkings should increase the effec-
tive concentration of the B and C helices relative to each
other. It has been shown, however, that disulfide bonds are
not critical for the helix formation in the molten globule
(38, 39). The effect of the intervening polypeptide chain
can be estimated from the effective concentration of
disulfide bond formation between Cys28 and Cysl l l (40).
Peng et al. have shown that the effective concentration of
the Cys28-Cyslll disulfide bond is 1 mM in 7.5 M GdnHCl
(40). Because the bimolecular binding constant between
AcBl4 and C24 is estimated to be lower than 50 M"1, the
failure to detect the complex formation of peptide in this
study is thought to be not simply due to the bimolecular
nature of the reaction. It is concluded, therefore, that the B
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and C helices are not stabilized without long range interac-
tion with some of the residues that are not included in the
peptidesused in tEs studyT

In the native structure, the space between the B and C
helices is occupied by the side chains of F8, L12, L15, L52,
and F53. Because L52 and F53 are included in the y?-do-
main which is known to be not essential for the helix
formation in the molten globule (9), the importance of F8,
L12, and L15 is suggested. The formation of the A helix (5-
11) and the 3i0 helix (12-16), which are amphipathic
helices, is necessary for the side chains of F8, L12, and L15
to protrude in the same direction. In the molten globule,
therefore, the helical structure is thought to be formed in
the region 5-16. After this work was completed, the amide
protons in the A helix and L12 were found to be strongly
protected from exchange in the molten globule of recom-
binant human <*-lactalburnin (41).

Recently, Yang et al. have synthesized four peptides
spanning the entire sequence of hen egg white lysozyme,
which is a homologous protein with a-lactalbumin, and
investigated their structures (42). They have shown that
the CD spectrum of the mixture of four peptides is similar
to that of disulfide-reduced lysozyme and differs from that
of transient folding intermediate. Their results indicate
that, even if the entire sequence is present as peptides, the
secondary structure of the early folding intermediate is not
formed. However, because disulfide-reduced a-lactalbu-
min assumes the molten globule structure (38, 39) whereas
disulfide-reduced lysozyme is essentially unfolded (42), it
seems that the contribution of various factors to the
stability of the secondary structure in the folding interme-
diate is different even among the homologous proteins.
Whether the molten globule of a-lactalbumin can be
mimicked by other peptides will be clarified in future work.
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sequencing, Dr. Takashi Niitsu for help in the mass spectrum
measurements. We also thank Dr. Per J. Kraulis for providing us with
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manuscript before publication.

REFERENCES

1. Kuwajima, K. (1989) The molten globule state as a clue for
understanding the folding and cooperativity of globular-protein
structure. Proteins: Struct. Funct. Genet 6, 87-103

2. Ptiteyn, O.B. (1992) The molten globule state in Protein Folding
(Creighton, T.E., ed.) pp. 243-300, W.H. Freeman and Co., New
York

3. Dobson, CM. (1994) Solid evidence for molten globules. Curr.
Biol. 4, 636-640

4. Kuwajima, K. (1995) The molten globule state of n-lactalbumin
FASEB J. in press

5. Acharya, K.R., Stuart, D.I., Walker, N.P.C., Lewis, M., and
Phillips, D.C. (1989) Refined structure of baboon <*-lactalbumin
at 1.7 A resolution: Comparison with C-type lysozyme. J. Mol.
BioL 208, 99-127

6. Acharya, K.R., Stuart, D.I., Phillips, D.C, and Scheraga, H.A.
(1990) A critical evaluation of the predicted and X-ray structures
of <r-lactalbumin. J. Protein Chem. 9, 549-563

7. Acharya, K.R., Ren, J., Stuart, D.I., Phillips, D.C, and Fenna,
R.E. (1991) Crystal structure of human a-lactalbumin at 1.7 A
resolution. J. MoL Biol. 221, 571-581

8. Harata, K. and Muraki, M. (1992) X-ray structural evidence for
a local helix-loop transition in a--lactalbumin. J. Biol. Chem, 267,
1419-1421

9. Peng, Z.-y. and Kim, P.S. (1994) A protein dissection study of a

molten globule. Biochemistry 33, 2136-2141
10. Wu, L.C., Peng, Z.-y., and Kim, P.S. (1995) Bipartite structure

-— ofthe ff-lactalbumin molten globule: Nature~SfrucL BioL 2, 2 8 1 "
301

11. Polverino de Laureto, P., De Filippis, V., Di Bello, M., Zambonin,
M., and Fontana, A. (1995) Probing the molten globule state of
ff-lactalbumin by limited proteolysis. Biochemistry 34, 12596-
12604

12. Baum, J., Dobson, CM., Evans, P.A., and Hanley, C. (1989)
Characterization of a partly folded protein by NMR methods:
Studies on the molten globule state of guinea pig ff-lactalbumin.
Biochemistry 28, 7-13

13. Alexandrescu, A.T., Evans, P.A., Pitkeathly, M., Baum, J., and
Dobson, CM. (1993) Structure and dynamics of the acid-de-
natured molten globule state of ar-lactalbumin: A two-dimen-
sional NMR study. Biochemistry 32, 1707-1718

14. Chyan, C.-L., Wormald, C, Dobson, CM., Evans, P.A., and
Baum, J. (1993) Structure and stability of the molten globule
state of guinea-pig a-lactalbumin: A hydrogen exchange study.
Biochemistry 32, 5681-5691

15. Hughson, F.M., Barrick, D., and Baldwin, R.L. (1991) Probing
the stability of a partly folded apomyoglobin intermediate by
site-directed mutagenesis. Biochemistry 30, 4113-4118

16. Kiefhaber, T. and Baldwin, R.L. (1995) Intrinsic stability of
individual a helices modulates structure and stability of the
apomyoglobin molten globule form. J. Mol. Biol. 262, 122-132

17. Marmorino, J.L. and Pielak, G.J. (1995) A native tertiary
interaction stabilizes the A state of cytochrome c. Biochemistry
34, 3140-3143

18. Wu, L.C., Laub, P.B., Elove, G.A., Carey, J., and Roder, H.
(1993) A noncovalent peptide complex as a model for an early
folding intermediate of cytochrome c. Biochemistry 32, 10271-
10276

19. Uchiyama, H., Perez-prat, E.M., Watanabe, K., Kumagai, I., and
Kuwajima, K. (1995) Effects of amino acid substitutions in
hydrophobic core of c-lactalbumin on the stability ofthe molten
globule state. Protein Eng. 8, in press

20. Fasman, G.D. (1989) Practiced Handbook of Biochemistry and
Molecular Biology pp. 81-82, CRC Press, Florida

21. Ranee, M., Sorensen, O.W., Bodenhausen, G., Wagner, G.,
Ernst, R.R., and WUthrich, K. (1983) Improved spectral resolu-
tion in COSY 'H NMR spectra of proteins via double quantum
filtering. Biochem. Biophys. Res. Commun. 117, 479-485

22. Bax, A. and Davis, D.G. (1985) MLEV-17-based two-dimension-
al homonuclear magnetization transfer spectroscopy. J. Magn.
Reson. 66, 355-360

23. Kumar, A., Ernst, R.R., and WUthrich, K. (1980) A two-dimen-
sional nuclear Overhauser enhancement (2D NOE) experiment
for the elucidation of complete proton-proton cross-relaxation
networks in biological macromolecules. Biochem. Biophys. Res.
Commun. 95, 1-6

24. Bax, A. and Davis, D.G. (1985) Practical aspects of two-dimen-
sional transverse NOE spectroscopy. J. Magn. Reson. 63, 207-
213

25. Marion, D., Ikura, M., Tschudin, R., and Bax, A. (1989) Rapid
recording of 2D NMR spectra without phase cycling. Application
to study of hydrogen exchange in proteins. J. Mag. Reson. 85,
393-399

26. Woody, R.W. (1995) Circular dichroism. Methods Enzymol. 246,
34-71

27. Chakrabartty, A., Kortemme, T., Padmanabhan, S-, and Bal-
dwin, R.L. (1993) Aromatic side-chain contribution to far-ultra-
violet circular dichroism of helical peptides and its effect on
measurement of helix propensities. Biochemistry 32, 5560-5565

28. WUthrich, K. (1986) NMR of Proteins and Nucleic Acids, John
Wiley & Sons, Inc., New York

29. Wishart, D.S., Sykes, B.D., and Richards, F.M. (1991) Relation-
ship between nuclear magnetic resonance chemical shift and
secondary structure. J. MoL Biol. 222, 311-333

30. Jimfinez, M.A., Blanco, F.J., Rico, M., Santoro, J., Herranz, J.,
and Nieto, J.L. (1992) Periodic properties of protein conforma-
tional shifts in isolated protein helices. An experimental study.

Vol. 119, No. 5, 1996

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


952 A. Shimizu et al.

EUT. J. Biochem. 207, 39-49
31. Hughson, F.M., Wright, P.E., and Baldwin, R.L. (1990) Struc-

tural characterization of a partly folded apomyoglobin intermedi-
ate. Science 249, 1544-1548

32. Barrick, D. and Baldwin, R.L. (1993) The molten globule inter-
mediate of apomyoglobin and the process of protein folding.
Protein Sci. 2, 869-876

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

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

35. Collawn, J.F. and Paterson, Y. (1990) Stabilization of helical
structure in two 17-residue amphipathic analogues of the C-ter-
minal peptide of cytochrome c Biopolymers 29, 1289-1296

36. Kuroda, Y. (1993) Residual helical structure in the C-terminal
fragment of cytochrome c. Biochemistry 32, 1219-1224

37. Harmans, J. andPuett, D. (1971) Relative effects of primary and

tertiary structure on helix formation in myoglobin and <r-lactal-
bumin. Biopolymer 10, 895-914

38. Ikeguchi, M. and Sugai, S. (1989) Contribution of disulfide bonds
to stability of the folding intermediate of ff-lactalbumin. Int. J.
PepL Protein Res. 33, 289-297

39. Sugai, S. and Ikeguchi, M. (1994) Conformational comparison
between o--lactalbumin and lysozyme. Adv. Biophys. 30, 37-84

40. Peng, Z.-y., Wu, L.C., and Kim, P.S. (1995) Local structural
preferences in the u-lactalbumin molten globule. Biochemistry
34, 3248-3252

41. Schulman, B.A., Redfield, C, Peng, Z.-y., Dobson, CM., and
Kim, P.S. (1995) Different subdomains are most protected from
hydrogen exchange in the molten globule and native states of
human ff-lactalbumin. J. Mol. Biol. 263, 651-657

42. Yang, J.J., Buck, M., Pitkeathly, M., Kotik, M., Haynie, D.T.,
Dobson, CM., and Radford, S.E. (1995) Conformational prop-
erties of four peptides spanning the sequence of hen lysozyme. J.
MoL Biol. 262, 483-491

43. Kraulis, P.J. (1991) MOLSCRIPT: A program to produce both
detailed and schematic plots of protein structures. J. Appl. CrysL
24, 946-950

J. Biochem.

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

