
Article No. jmbi.1999.3228 available online at http://www.idealibrary.com on J. Mol. Biol. (1999) 294, 213±221
Defining the Core Structure of the aaa-Lactalbumin
Molten Globule State

Stephen J. Demarest1, Judith A. Boice2, Robert Fairman3

and Daniel P. Raleigh1,4*
1Department of Chemistry State
University of New York at
Stony Brook, Stony Brook, NY
11794-3400, USA
2Merck Research Laboratories
Merck & Co., Inc., P.O. Box
2000, Rahway, NJ 07065-
0900, USA
3Department of Molecular
Cellular, and Developmental
Biology, Haverford College
Haverford PA 19041, USA
4Graduate Program in
Biophysics and Graduate
Program in Molecular and
Cellular Biology, State
University of New York at
Stony Brook, Stony Brook, NY
11794, USA
E-mail address of the correspond
draleigh@ccmail.sunysb.edu

Abbreviations used: aLA, a-lactal
anilinonapthalene-8-sulfonate; CD,
HPLC, high pressure liquid chroma
matrix assisted laser desorption ion

0022-2836/99/460213±9 $30.00/0
Molten globules are partially folded states of proteins which are generally
believed to mimic structures formed during the folding process. In order
to determine the minimal requirements for the formation of a molten glo-
bule state, we have prepared a set of peptide models of the molten glo-
bule state of human a-lactalbumin (aLA). A peptide consisting of
residues 1-38 crosslinked, via the native 28-111 disul®de bond, to a pep-
tide corresponding to residues 95-120 forms a partially folded state at
pH 2.8 which has all of the characteristics of the molten globule state of
aLA as judged by near and far UV CD, ¯uorescence, ANS binding and
urea denaturation experiments. The structure of the peptide construct is
the same at pH 7.0. Deletion of residues 95-100 from the construct has lit-
tle effect. Thus, less than half the sequence is required to form a molten
globule. Further truncation corresponding to the selective deletion of the
A (residues 1-19) or D (residues 101-110) helices or the C-terminal 310

helix (residues 112-120) leads to a signi®cant loss of structure. The loss of
structure which results from the deletion of any of these three regions is
much greater than that which would be expected based upon the non-
cooperative loss of local helical structure. Deletion of residues corre-
sponding to the region of the D helix or C-terminal 310 helix region
results in a peptide construct which is largely unfolded and contains no
more helical structure than is expected from the sum of the helicity of the
two reduced peptides. These experiments have de®ned the minimum
core structure of the aLA molten globule state.
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Introduction

Elucidation of the structure and the interactions
which stabilize molten globule states is a key issue
in protein folding (Barrick & Baldwin, 1993;
Christensen & Pain, 1991; Creighton, 1997; Eliezer
et al., 1998; Kuwajima, 1996; Ptitsyn, 1995; Raschke
& Marqusee, 1997). Unfortunately, their dynamic
nature, conformational heterogeneity and some-
times limited solubility make direct structural stu-
dies extremely dif®cult. Protein dissection studies
using peptide models have proven to be an effec-
ing author:

bumin; ANS, 1-
circular dichroism;
tography; MALDI,
ization.
tive technique for characterizing the intermediate
states of both BPTI and cytochrome c (Oas & Kim,
1988; Staley & Kim, 1990; Wu et al., 1993). We have
adopted a protein dissection approach which
allows, for the ®rst time, the elucidation of the
minimum core structure of the molten globule
state of aLA.

The molten globule state of aLA has become a
paradigm for evaluating the properties of stable
partially folded proteins (Kuwajima, 1996;
Kuwajima et al., 1989; Ptitsyn, 1995). aLA forms a
molten globule state under a variety of conditions,
including at low pH and at neutral pH at low salt
concentrations in the absence of Ca2� (Creighton &
Ewbank, 1994; Dolgikh et al., 1981; Kronman et al.,
1965; Kuwajima et al., 1976). The properties of the
low pH molten globule form of aLA, known as the
A-state, have been the most thoroughly character-
ized (Alexandrescu et al., 1993; Baum et al., 1989;
# 1999 Academic Press



214 De®ning the Core Structure of a Molten Globule
Chyan et al., 1993). The A-state of the intact protein
is characterized by the absence of a near UV circu-
lar dichroism (CD) signal and a Trp ¯uorescence
emission maximum between the native and fully
unfolded emission maxima (Dolgikh et al., 1981;
Sommers & Kronman, 1980). In constrast, the A-
state contains a signi®cant amount of secondary
structure as judged by far UV CD (Dolgikh et al.,
1981; Kuwajima et al., 1976). The A-state also binds
the ¯uorescent hydrophobic dye ANS and is rela-
tively compact (Dolgikh et al., 1985; Kronman et al.,
1967; Kuwajima et al., 1975; Semisotnov et al.,
1991).

aLA is a 123 residue protein comprised of two
subdomains, the a- and b-domains. The a-domain
is comprised of four a-helices denoted A through
D and one small region of 310 helix near the C ter-
minus (Figure 1). The b-domain, consisting of the
remainder of the protein, contains three short b-
strands and some loops and coils. There are two
hydrophobic cores within aLA. One consists of
residues from the A helix, the B helix and the C-
terminal 310 helix and is contained within the a-
domain. The other, known as the hydrophobic box,
is made up of residues from the C and D helices of
the a-domain and residues from the b-domain.
There is good evidence that the a-domain is struc-
tured in the molten globule state and that the b-
domain is less ordered (Baum et al., 1989; Peng
et al., 1995; Wu et al., 1995). Kim and co-workers
have shown that an 82 residue construct consisting
of the entire a-domain is able to fold into a molten
globule-like state (Peng & Kim, 1994). It is still
unclear what constitutes the minimum structured
core of the aLA molten globule and what are the
crucial interactions that are responsible for stabiliz-
ing this structured core. Here we describe studies
of a set of peptide models derived from the a-
domain which address these important questions.

Peptides corresponding to the sequences of the
isolated A, B and C helices have been shown to be
largely unstructured in isolation in aqueous sol-
Figure 1. Ribbon diagram of the crystal structure of
human aLA created using MOLSCRIPT (Acharya et al.,
1991; Kraulis, 1991). The a-domain is shown in black
and the b-domain is displayed in grey. The 28-111
disul®de bond is illustrated. The N terminus is indicated
and the A, B, C, D and 310 helices are labeled.
ution (Demarest et al., 1998; Kuhlman et al., 1997;
Shimizu et al., 1996), while peptides containing the
D and C-terminal 310 helices have shown some
propensity to adopt non-native residual structure
(Demarest et al., 1998, 1999; Smith et al., 1995).
These experiments have demonstrated that for-
mation of the molten globule is not due to unu-
sually stable elements of secondary structure.
Clearly longer range interactions are required. Our
peptide models allow us to de®ne these inter-
actions, and to determine the minimum sequence
necessary to form the aLA molten globule state.

Not all proteins form stable molten globule
states or fold through molten globule intermediates
and there has been considerable speculation about
which features of proteins dictate the ability to
form a molten globule. The peptide constructs
described here are considerably smaller than many
proteins which fold by a two state process. Thus,
comparison of our construct with other proteins of
similar size should help elucidate the sequence
requirements for molten globule formation. In par-
ticular, it is of interest to determine if the ability to
form a stable molten globule state is due to the
total number and/or size of the hydrophobic resi-
dues or if more subtle effects are responsible.

Results

A peptide model of the molten globule state

We have prepared a 64 residue peptide which
corresponds to the primary sequence of the A,
B and D a-helices and the C-terminal 310

helix of human aLA. This model system, denoted
AB-D95-120, is comprised of residues 1-38 (AB)
crosslinked by the native 28-111 disul®de to resi-
dues 95-120 (D95-120). The construct corresponds to
the a-domain of aLA with most of the C-helix
deleted. Residues 95 to 100 include several
positions derived from the C-terminal portion of
the C helix. These residues were included since I95
forms part of the hydrophobic box in the native
state which also includes residues from the B and
D helices. Equilibrium sedimentation experiments
with AB-D95-120 were performed at two concen-
trations, 4 mM and 50 mM, at pH 2.8, 20 �C. The
data from the dilute sample were well ®t by a
single species with an apparent molecular weight
which is within the experimental uncertainty of the
known monomer molecular weight. The more con-
centrated sample showed evidence of self-
association. CD spectra of AB-D95-120 are also inde-
pendent of concentration below 10 mM peptide
concentrations. Consequently, all subsequent
experiments were performed at 4 mM peptide.

AB-D95-120 forms a highly helical molten globule
state. The helicity, as judged by CD, of the cross-
linked peptide is much greater than the sum of the
helicity of the reduced peptides (Figure 2(a)). The
residual CD signal from the reduced peptides is
primarily due to structure present in the D95-120

fragment (Demarest et al., 1998). Formation of the



Figure 2. (a) CD spectra at pH 2.8, 20 �C of oxidized
AB-D95-120 (triangles) and the sum of the spectra of
reduced peptides (circles). (b) Fluorescence emission
spectra of 2 mM ANS in the presence (circles) and
absence (triangles) of 2 mM AB-D95-120 at pH 2.8, 20 �C.

Figure 3. Near UV CD spectra of the native state of
aLA at pH 7.0 in the presence of 10 mM Ca2� (squares),
the molten globule state of aLA at pH 2.8 in the
presence of 1 mM EDTA (diamonds), and AB-D95-120 at
pH 2.8 (triangles).
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heterodimer results in a threefold increase in y222

from ÿ5200 to ÿ14,500 deg cm2 dmolÿ1. This value
of y222 could result from 29 of the 64 residues occu-
pying a fully helical conformation. The helical con-
tent of our peptide accounts for all the helicity
observed in the a-domain model of Kim and co-
workers, strongly suggesting that the extra 18 resi-
dues in their construct are unstructured (Peng &
Kim, 1994). One of the classical spectroscopic sig-
natures of the molten globule state of aLA is the
absence of a near UV CD signal. The near UV CD
re¯ects the contributions from aromatic residues,
primarily Tyr and Trp, in an asymmetric environ-
ment. The native state of aLA exhibits a noticeable
near UV CD signal while the aLA A-state does
not. The near UV CD spectrum of our peptide con-
struct is virtually identical to that observed for the
A-state of aLA (Figure 3).

Fluorescence measurements provide further evi-
dence that AB-D95-120 forms a molten globule-like
state. Two of the three Trp residues and three of
the four Tyr residues of aLA are included in AB-
D95-120. The Trp ¯uorescence emission maximum of
AB-D95-120 is 345 nm, similar to what is observed
for the A-state of aLA (342 nm) and is very differ-
ent from the values observed for the native
(332 nm) and unfolded (356 nm) states. AB-D95-120

also binds ANS, providing additional evidence
that it resembles the molten globule of aLA
(Figure 2(b)). The experimental results are summar-
ized in Table 1.

aLA also forms a molten globule-like state at
neutral pH and low salt in the absence of Ca2�.
Consequently, we have also studied the structure
of AB-D95-120 at pH 7.0. Sedimentation equilibrium
studies of AB-D95-120 at pH 7.0, 20 �C indicate that
it is monomeric at a peptide concentration of 4 mM,
but that it self-associates at a peptide concentration
of 50 mM. Therefore, all experiments at pH 7.0
were performed at 4 mM peptide. The CD spec-
trum of AB-D95-120 is the same as the spectrum at
pH 2.8, with a y222 value of ÿ14,500 deg cm2

dmolÿ1, indicating a similar helical content at the
two pH values. The near UV CD spectrum of
AB-D95-120 at pH 7.0 is also virtually identical to
the spectrum of AB-D95-120 at pH 2.8. The Trp
¯uorescence emission maximum of AB-D95-120

is 345 nm, identical to its value at pH 2.8.
These experiments demonstrate that AB-D95-120

also forms a molten globule-like state at pH 7.0.

Truncation mutants define the critical core
required to form the molten globule

We have prepared four additional peptides
which correspond to deletion variants of AB-
D95-120. Removal of residues 95 to 100, resulting in
a construct denoted as AB-D101-120, has little effect
on the structure as judged by CD. The value of y222

decreases from ÿ14,500 to ÿ13,600 deg cm2 dmolÿ1

(Figure 4(a)). The Trp ¯uorescence emission maxi-
mum and the ability of the construct to bind ANS
are also unaffected by removal of residues 95 to



Figure 4. Effects of truncation on the CD spectra of AB-D95-120. (a, i) Ribbon diagram of human aLA with the resi-
dues from AB-D95-120 shaded black. The residues which were not included in AB-D95-120 are lightly shaded. The A, B,
D and 310 helices are labeled as is the 28 to 111 disul®de. The position of residues 20, 28, 95, 101, 111 and 120 are
indicated. (a, ii) CD spectra of AB-D95-120 (®lled triangles), B-D95-120 (open circles) and AB-D101-120 (open diamonds).
(b, i) Ribbon diagram of human aLA with the residues of AB-D101-120 shaded. (b, ii) CD spectra of AB-D101-120

(open diamonds), AB-D101-111 (open/inverted triangles) and AB-D111-120 (open triangles).
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100. Residues 95 to 100 were originally included
since they form part of one of the hydrophobic
cores in the native state and pack against the B
helix. The truncation experiment indicates that
they are not critical for formation of the molten
globule. Further truncation of this 58 residue con-
struct results in a dramatic loss of structure. A pep-
tide corresponding to residues 1-38 crosslinked to
residues 101-111, designated AB-D101-111, lacks the
C-terminal 310 helix and is only slightly structured
(y222 � ÿ 4000 deg cm2 dmolÿ1). A third peptide
consisting of residues 1-38 crosslinked to residues
111-120, denoted AB-D111-120, is missing the D helix
and is also largely unstructured (y222 � ÿ 4200 deg
cm2 dmolÿ1). The y222 values of both AB-D101-111

and AB-D111-120 are no greater than the sum of the
ellipticity of the corresponding reduced peptides
(Figure 4(b)). This clearly demonstrates that the
regions corresponding to the D helix and the C-
terminal 310 helix are required to stabilize the struc-
Table 1. Comparison of CD, ¯uorescence and ANS bindin
molten globule and denatured states of human aLA

Protein
[y]222

(deg cm2 dmolÿ1)
Trp fluoresc

lmax (nm

Native aLA (pH 7.0, 10 mM Ca2�) ÿ9300 332
Molten globule aLA (pH 2.8,
1 mM EDTA) ÿ12,000 342
Denatured aLA (pH 2.8, 10 M
urea) ÿ3500 356
AB-D95-120 (pH 2.8) ÿ14,500 345
AB-D101-120 (pH 2.8) ÿ13,600 346

Also included are the cM and apparent m values obtained by ®ttin
ture observed in AB-D95-120 and AB-D101-120.
Removal of residues 1 through 19, which includes
the A helix, also results in a signi®cant decrease in
structure. A peptide consisting of residues 20-36,
denoted the B peptide, crosslinked to D95-120 has a
value of y222 equal to ÿ7700 deg cm2 dmolÿ1. This
is only 50 % larger than the value expected from
the sum of the reduced peptides, ÿ5000 deg cm2

dmolÿ1. A peptide corresponding to the isolated A
helix is slightly structured (less than 10 % helical),
but the helical content of this peptide cannot
account for the large difference in helicity between
the B-D95-120 pair and AB-D95-120 (Figure 4(a)). Thus
the sequence encompassing the A helix must pro-
vide some stabilizing interactions that promote
further structure formation in the molten globule
state. Overall, the truncation experiments demon-
strate that a 58 residue fragment, less than half of
the protein, is suf®cient to form a molten globule
state.
g properties of AB-D95-120, AB-D101-120 and the native,

ence
)

ANS fluorescence
lmax (nm) cM (M urea)

Apparent m value
(cal Mÿ1 molÿ1)

�522 7.0 � 0.5 1260 � 70

470 5.8 � 0.6 590 � 40

�525 ± ±
480 3.5 � 0.6 570 � 60
480 2.7 � 0.6 570 � 60

g the urea-induced unfolding curves.



Figure 5. Urea unfolding curves of AB-D101-111

(inverted triangles), B-D95-120 (squares), AB-D101-120

(triangles), AB-D95-120 (diamonds) and human aLA
(circles) at pH 2.8, 20 �C.
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Many experiments have demonstrated that
unfolding of the molten globule state of aLA is
non-cooperative (Griko et al., 1994; Haynie &
Freire, 1993; Schulman & Kim, 1996; Schulman
et al., 1997; Shimizu et al., 1993). The molten glo-
bule of aLA does display a sigmoidal loss in CD
signal upon chemical denaturation, even though
the transition is non-cooperative (Uchiyama et al.,
1995). Kuwajima & co-workers have used the mid-
point of the urea transition, cM, as a rough measure
of the apparent stability of the molten globule
states formed by variants of aLA (Uchiyama et al.,
1995). The cM of all the model peptides is below
that of the molten globule of aLA (Figure 5,
Table 1). The apparent stability of the largest pep-
tide model AB-D95-120 approaches the apparent
stability of the molten globule state of aLA most
closely. Deletion of residues 95-100 affects the
apparent stability only marginally. However, del-
etion of the A, D or C-terminal 310 regions
decreases the apparent stability so drastically that
no pretransition is observed. These results provide
excellent additional evidence that the A, D, and C-
terminal 310 helical regions are important for the
formation of the molten globule.

For cooperatively folded structures, the steep-
ness of the urea denaturation curves (re¯ected by
the m-values) correlates with the change in accessi-
ble surface area upon unfolding (Myers et al., 1995;
Tanford, 1970). The aLA molten globule does not
unfold cooperatively and thus the steepness of the
transition cannot be directly related to changes in
accessible surface area. Nonetheless, the steepness
or shape of the transition can be used for a quali-
tative comparison of the various unfolding exper-
iments. Kuwajima and co-workers have used this
approach to analyze the unfolding of aLA mutants
(Uchiyama et al., 1995). If the peptide models are
good mimics of the aLA molten globule then the
urea-induced unfolding curves should be similar in
shape to the urea unfolding curve of the aLA mol-
ten globule. The shapes of the denaturation curves
of AB-D95-120 and AB-D101-120 as judged by the
apparent m values are very similar to what is
measured for the molten globule state of intact
aLA (Figure 5, Table 1).

Conclusions

Near and far UV CD, ¯uorescence, ANS binding
and urea denaturation experiments clearly demon-
strate that AB-D95-120 forms a molten globule-like
state with spectroscopic properties very similar to
the A-state of aLA. Our truncation experiments
show that the A, B, D and C-terminal 310 helix
regions are all important for forming the molten
globule. Deletion of residues 95 to 100 has only a
very minimal effect upon the structure and stab-
ility of the peptide construct. Residues from this
region of the protein chain, in particular I95, con-
tribute to the hydrophobic box in the native state.
The very minor effects observed upon deleting
residues 95 to 100 strongly suggest that the integ-
rity of the hydrophobic box is not important for
formation of the molten globule. These obser-
vations are entirely consistent with recent muta-
genesis studies, which have shown that mutation
of I95 has no signi®cant effect on the molten glo-
bule state (Song et al., 1998; Wu & Kim, 1998).

At ®rst glance, the truncation experiments
appear to be in contrast to the studies of Kim and
Schulman (Schulman & Kim, 1996). In fact, our stu-
dies are complementary to their experiments, and
there is no inherent contradiction. In their exper-
iments, proline mutants were made in each of the
helices of the a-domain. Substitution with a proline
decreased the overall helicity of the molten globule
by the amount expected for the removal of the
individual helix (except for proline insertion into
the C helix, which had no signi®cant effect on the
helicity). In that sense, the structure can be viewed
to be formed non-cooperatively. However, disrup-
tion of each helix does not necessarily eliminate all
of the potential stabilizing interactions involving
that region of the protein. In particular, non-
speci®c interactions are still likely. Complete
removal of each helical region, as in our truncation
experiments, is a more drastic probe and eliminates
any possibility that the region could interact with
the remainder of the protein. The truncation exper-
iments show that a striking loss of structure results
from the deletion of segments corresponding to
individual regions of secondary structure. The loss
of helical structure is considerably greater than
would be expected if removal of the fragment did
not perturb the structure of the remainder of the
protein. In this sense, mutually stabilizing inter-
actions between the helical elements are important
for the stability of the molten globule. Taken in
combination, the work reported here together with
the earlier studies of Kim and co-workers helps to
provide a uni®ed view of the interactions which
stabilize the molten globule state (Schulman &



218 De®ning the Core Structure of a Molten Globule
Kim, 1996). The proline mutant experiments show
that interactions between fully formed helices are
not required, while our truncation experiments
demonstrate that interactions involving these
regions of the protein must be present to form the
molten globule state.

Our studies have also demonstrated an import-
ant role for residues contained within the region
corresponding to the D helix (residues 101-110).
Mutations in the A helix and the C-terminal 310

helix have previously been shown to perturb the
stability of the molten globule as have mutations
near Cys28 (Song et al., 1998; Uchiyama et al., 1995;
Wu & Kim, 1998). These results have been inter-
preted to indicate that the A and B helices as well
as the C-terminal 310 helix form a stable core struc-
ture. Our experiments with the truncation con-
structs are consistent with an important role for
these regions, but in addition indicate that the D
helix region makes a crucial contribution to the
stability of the aLA molten globule state.

What is the effect of the remainder of the protein
chain on the core region containing the A, B, D
and C-terminal 310 helices? The A-state of human
aLA has a y222 value of ÿ12,000 deg cm2 dmolÿ1.
This corresponds to roughly 34 % helicity or nom-
inally 42 residues in a helical conformation. The
helicity of AB-D95-120 or AB-D101-120 does not
entirely account for all of this structure. AB-D95-120

and AB-D101-120 are also less resistant to urea dena-
turation than the molten globule of aLA. These
observations suggest that either residual structure
in the C helix and/or in the b-subdomain exists in
the molten globule of aLA or that the presence of
the rest of the protein stabilizes additional struc-
ture in AB-D95-120. Alternatively, the extra disul®de
bonds absent in our model peptides may stabilize
additional structure (Ikeguchi et al., 1992).

An important question in protein folding con-
cerns the key factors that contribute to the for-
mation of a stable equilibrium molten globule
state. Comparison of our peptide models with
natural proteins that are of approximately the
same size and fold in a two-state fashion is particu-
larly interesting in this regard. Nearly all such pro-
teins lacking detectable kinetic or equilibrium
stable intermediates have a limited size and most,
but not all, lack disul®des (Fersht, 1997; Jackson,
1998; Kuhlman et al., 1998). AB-D95-120 and AB-
D101-120 are 64 and 58 residues, respectively. Both
are well below the maximum size of proteins that
have been shown to fold via a two-state mechan-
ism, thus, size cannot be the sole determining fac-
tor. The total number and the percentage of
hydrophobic residues found in both AB-D95-120 and
AB-D101-120 are not signi®cantly different from
what is found in proteins which fold by a two-
state process. In this regard it is interesting to note
that early de novo designed polypeptides often
exhibited molten globule-like features and typically
are only slightly larger than AB-D95-120 (Betz et al.,
1993; Kamtekar et al., 1993). For example, the a-4
family of designed four helix bundles are approxi-
mately 70 residues in length and exhibit at least
some of the properties associated with molten glo-
bule states (Betz et al., 1993). The family of four
helix bundle proteins studied by Hecht and co-
workers are comparable in size to a-4 and many of
these proteins appear to be molten globule-like
(Kamtekar et al., 1993). These comparisons indicate
that more subtle primary sequence effects, likely
including the distribution of hydrophobic and
hydrophilic residues, may determine the ability to
form a molten globule state (Davidson & Sauer,
1994; Raleigh et al., 1995).

Materials and Methods

Peptide synthesis

Synthesis and puri®cation protocols are described
elsewhere (Demarest et al., 1998). Cys residues at pos-
itions 6 and 120 were changed to Ala. Oxidation of the
reduced peptides was carried out in a 0.2 M Tris(hydrox-
ymethyl)aminomethane buffer at pH 8.5 for 24 hours
before quenching with 0.1 % HCl on a semi-preparative
Vydac C18 reverse phase HPLC column. The time
courses of the oxidations were followed using HPLC
with a reverse phase C18 analytical column. Initially,
two peaks corresponding to the two reduced peptides
which were being crosslinked were observed. As time
progressed, three peaks corresponding to the desired
heterodimer and to the two homodimers grew and the
intensity of the peaks due to the reduced peptides dimin-
ished. No changes were observed after 24 hours. The
identities of the puri®ed peptides were con®rmed using
MALDI mass spectrometry. The purity of the peptide
constructs was judged by analytical HPLC and was
greater than 95 % in all cases. Human aLA was pur-
chased from Sigma. The sequences of the peptide models
were taken from the human aLA sequence listed in the
crystallographic study by Acharya, Phillips and co-
workers (Acharya et al., 1989).

Sedimentation equilibrium

Solutions of AB-D95-120 were dialyzed against a buf-
fer containing 2 mM phosphate, 2 mM borate, 2 mM
citrate, and 10 mM NaCl at both pH 2.8 and pH 7.0.
All truncation mutants were dialyzed against the same
buffer, but only at pH 2.8. Experiments were per-
formed at 20 �C with a Beckman XL-A analytical
ultracentrifuge, using rotor speeds of 30,000, 40,000,
and 50,000 rpm. Analyses were performed at two sep-
arate peptide concentrations, 4 mM and 50 mM. Exper-
iments were carried out using 12 mm pathlength, six-
channel, charcoal-®lled, Epon cells with quartz win-
dows. Data were collected using continuous radial
scanning at 219 nm for the 4 mM samples and 288 nm
for the 50 mM samples. Partial speci®c volumes were
calculated from the weighted average of the partial
speci®c volumes of the individual amino acids (Cohn
& Edsall, 1943). The data were globally ®t with
both a single species model with the molecular weight
treated as a ®tting parameter and to monomer-nmer
equilibria with the molecular weight of the monomer
held ®xed. The HID program from the Analytical
Ultracentrifugation Facility at the University of Con-
necticut was used for the ®tting analysis.
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CD

CD experiments were performed at 20 �C and at pep-
tide/protein concentrations less than or equal to 4 mM
on an Aviv Model 62A circular dichroism spectrometer.
Unless stated otherwise in the text, all of the experiments
were performed at pH 2.8. The same buffer which was
used for the sedimentation equilibrium experiments was
used for all of the spectroscopic studies. Wavelength
scans were performed with a minimum of three repeats
and a minimum averaging time of three seconds at each
wavelength. Near UV wavelength scans were performed
with a minimum of ®ve repeats and a minimum aver-
aging time of ®ve seconds at each wavelength. A cuvette
with a 10 cm pathlength and a 20 ml sample volume
was used for the near UV wavelength scans. Peptide
concentrations were determined from absorbance
measurements using the method of Pace et al. (1995).
Spectra are displayed as mean residue ellipticity versus
wavelength. The fraction helix was calculated using the
method of Rohl & Baldwin (1997):

fhlx � �y222 ÿ yC�
�yH ÿ yC� ; yC � 2220ÿ �53T�;

yH � �ÿ44; 000� 250T� 1ÿ 3

N

� �
:

yC and yH are the molar ellipticities for pure coil and
pure helix, respectively, T is temperature in �C, and N is
the number of amino acids in the peptide. The fraction
helix was also calculated using the software package
ANTHEPROT (Deleage & Geourjon, 1993) and very
similar results were obtained. Urea denaturation curves
were ®t using standard methods (Pace, 1986; Uchiyama
et al., 1995).

Fluorescence measurements

Fluorescence measurements were performed at pH 2.8,
20 �C using an ISA Fluorolog spectrometer. An excitation
wavelength of 279 nm was used for the Trp ¯uorescence
experiments and an excitation wavelength of 370 nm
was used for the 1-anilinonapthalene-8-sulfonate (ANS)
measurements. The concentration of the ANS stock sol-
ution was determined using a molar absorption coef®-
cient of 7.8 � 103 Mÿ1 cmÿ1 at 372 nm in methanol
(provided by Molecular Probes).

Acknowledgments

This work was supported by NIH grant GM54233 to
DPR. DPR is a Pew Scholar in the Biomedical Sciences.
SD was partially supported by a GAANN Fellowship
from the Department of Education. The ¯uorescence
spectrometer was purchased with funds from NSF grant
Che-9709164. The analytical ultracentrifuge at Haverford
College was purchased with funds from a grant to RF
from the Zimmer Corp. We thank Dan Moriarty for con-
ducting the experiments on the isolated A helix. We also
thank Preston Hensley for the Igor based non-linear ®t-
ting algorithm used to analyze the sedimentation equili-
brium data and K. Demarest for proofreading the
manuscript.
References

Acharya, K. R., Stuart, D. I., Walker, N. P. C., Lewis, M.
& Phillips, D. C. (1989). Re®ned structure of baboon
a-lactalbumin at 1.7 Angstrom resolution. J. Mol.
Biol. 208, 99-127.

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

Alexandrescu, A. T., Evans, P. A., Pitkeathly, M., Baum,
J. & Dobson, C. M. (1993). Structure and dynamics
of the acid-denatured molten globule state of
a-lactalbumin: a two-dimensional NMR study. Bio-
chemistry, 32, 1707-1718.

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

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

Betz, S. F., Raleigh, D. P., DeGrado, W. F., Lovejoy, B.,
Anderson, D., Ogihara, N. & Eisenberg, D. (1993).
Crystallization of a designed peptide from a molten
globule ensemble. Fold. Des. 1, 57-64.

Christensen, H. & Pain, H. R. (1991). Molten globule
intermediates and protein folding. Eur. Biophys. J.
19, 221-229.

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

Cohn, E. J. & Edsall, J. T. (1943). Proteins, Amino Acids
and Peptides as Ions and Dipolar Ions, Reinhold Pub-
lishing Coorporation, New York.

Creighton, T. E. (1997). How important is the molten
globule for correct protein folding?. Trends Biochem.
Sci. 22, 6-10.

Creighton, T. E. & Ewbank, J. J. (1994). Disul®de-
rearranged molten globule state of a-lactalbumin.
Biochemistry, 33, 1534-1538.

Davidson, A. R. & Sauer, R. T. (1994). Folded proteins
occur frequently in libraries of random amino acid
sequences. Proc. Natl Acad. Sci. USA, 91, 2146-2150.

Deleage, G. & Geourjon, C. (1993). An interactive
graphic program for calculating the secondary
structures/content of proteins from circular dichro-
ism spectrum. CABIOS, 9, 197-199.

Demarest, S. J., Fairman, R. & Raleigh, D. P. (1998). Pep-
tide models of local and long range interactions in
the molten globule state of human a-lactalbumin.
J. Mol. Biol. 283, 279-291.

Demarest, S. J., Hua, Y. & Raleigh, D. P. (1999). Local
interactions drive the formation of non-native struc-
ture in the denatured state of human a-lactalbumin:
a high resolution structural characterization of a
peptide model in aqueous solution. Biochemistry, 38,
7380-7387.

Dolgikh, D. A., Gilmanshin, R. I., Brazhnikov, E. V.,
Bychkova, V. E., Semisotnov, G. V., Venyaminov,
S. Y. & Ptitsyn, O. B. (1981). a-Lactalbumin: com-
pact state with ¯uctuating tertiary structure? FEBS
Letters, 136, (2), 311-315.

Dolgikh, D. A., Abaturov, L. V., Bolotina, I. A.,
Brazhnikov, E. V., Bychkova, V. E., Bushuev, V. N.,
Gilmanshin, R. I., Levedev, Y. O., Semisotnov, G. V.,



220 De®ning the Core Structure of a Molten Globule
Tiktopulo, E. I. & Ptitsyn, O. B. (1985). Compact
state of a protein molecule with pronounced small-
scale mobility: bovine a-lactalbumin. Eur. Biophys. J.
13, 109-121.

Eliezer, D., Yao, J., Dyson, H. J. & Wright, P. E. (1998).
Structural and dynamic characterization of partially
folded states of apomyoglobin and implications
for protein folding. Nature Struct. Biology, 5, 148-
155.

Fersht, A. R. (1997). Nucleation mechanisms in protein
folding. Curr. Opin. Struct. Biol. 7, 3-9.

Griko, Y. V., Freire, E. & Privalov, P. L. (1994). Ener-
getics of the a-lactalbumin statets: a calorimetric
and statistical thermodynamic study. Biochemistry,
33, 1889-1899.

Haynie, D. T. & Freire, E. (1993). Structural energetics of
the molten globule state. Proteins: Struct. Funct.
Genet. 16, 115-140.

Ikeguchi, M., Sugai, S., Fujino, M., Sugawara, T. &
Kuwajima, K. (1992). Contribution of the 6-120 dis-
ul®de bond of a-lactalbumin to the stabilities of the
native and molten globule states. Biochemistry, 31,
12695-12700.

Jackson, S. E. (1998). How do small single-domain pro-
teins fold? Fold. Des. 3, R81-R91.

Kamtekar, S., Schiffer, J. M., Xiong, H., Babik, J. M. &
Hecht, M. H. (1993). Protein design by binary pat-
terning of polar and nonpolar amino acids. Science,
262, 1680-1685.

Kraulis, P. J. (1991). MOLSCRIPT: A progam to produce
both detailed and schematic plots of protein struc-
tures. J. Appl. Crystallog. 24, 946-950.

Kronman, M. J., Cerankowski, L. & Holmes, L. G.
(1965). Inter- and intramolecular interactions of a-
lactalbumin. III. Spectral changes at acid pH. Bio-
chemistry, 4, 518-525.

Kronman, M. J., Holmes, L. G. & Robbins, F. M. (1967).
Inter- and intramolecular interactions of a-lactal-
bumin. VIII. The alkaline conformational change.
Biochim. Biophys. Acta, 133, 46-55.

Kuhlman, B., Wu, W.-J., Boice, J., Fairman, R. & Raleigh,
D. P. (1997). Calcium binding peptides from a-
lactalbumin: implications for protein folding. Bio-
chemistry, 36, 4607-4615.

Kuhlman, B., Boice, J., Fairman, R. & Raleigh, D. P.
(1998). Structure and stability of the N-terminal
domain of the ribosomal protein L9: evidence for
rapid two-state folding. Biochemistry, 37, 1025-1032.

Kuwajima, K. (1996). The molten globule state of a-lac-
talbumin. FASEB J. 10, 102-108.

Kuwajima, K., Nitta, K. & Sugai, S. (1975). Electrophor-
etic investigations of the acid conformational
change of a-lactalbumin. J. Biochem. 78, 205-211.

Kuwajima, K., Nitta, K., Yoneyama, M. & Sugai, S.
(1976). Three state denaturation of a-lactalbumin
by guanidine hydrochloride. J. Mol. Biol. 106, 359-
373.

Kuwajima, K., Mitani, M. & Sugai, S. (1989). Character-
ization of the critical state in protein folding: effects
of guanidine hydrochloride and speci®c Ca2� bind-
ing on the folding kinetics of a-lactalbumin. J. Mol.
Biol. 206, 547-561.

Myers, J. K., Pace, C. N. & Scholtz, J. M. (1995). Dena-
turant m values and heat capacity changes: relation
to changes in accessible surface areas of protein
unfolding. Protein Sci. 4, 2138-2148.

Oas, T. G. & Kim, P. S. (1988). A peptide model of a
protein folding intermediate. Nature, 336, 42-48.
Pace, C. N. (1986). Determination and analysis of urea
and guanidine hydrochloride denaturation curves.
Methods Enzymol. 131, 266-280.

Pace, C. N., Vajdos, F., Fee, L., Grimsley, G. & Gray, T.
(1995). How to measure the molar absorption coef®-
cient of a protein. Protein Sci. 4, 2411-2423.

Peng, Z.-y. & Kim, P. S. (1994). A protein dissection
study of a molten globule. Biochemistry, 33, 2136-
2141.

Peng, Z.-y. , Wu, L. C. & Kim, P. S. (1995). Local struc-
tural preferences in the a-lactalbumin molten glo-
bule. Biochemistry, 34, 3248-3252.

Ptitsyn, O. B. (1995). Molten globule and protein folding.
Advan. Protein Chem. 47, 83-217.

Raleigh, D. P., Betz, S. F. & Degrado, W. F. (1995). A de
novo designed protein mimics the native state of
natural proteins. J. Am. Chem. Soc. 117, 7558-7559.

Raschke, T. M. & Marqusee, S. (1997). The kinetic fold-
ing intermediate of ribonuclease H resembles the
acid molten globule and partially unfolded mol-
ecules detected under native conditions. Nature
Struct. Biol. 4, 298-304.

Rohl, C. A. & Baldwin, R. L. (1997). Comparison of NH
exchange and circular dichroism as techniques for
measuring the parameters of helix-coil transition in
peptides. Biochemistry, 36, 8435-8442.

Schulman, B. A. & Kim, P. S. (1996). Proline scanning
mutagenesis study of a molten globule reveals non-
cooperative formation of a protein's overall top-
ology. Nature Struct. Biol. 3, 682-687.

Schulman, B. A., Kim, P. S., Dobson, C. M. & Red®eld,
C. (1997). A residue-speci®c NMR view of the non-
cooperative unfolding of a molten globule. Nature
Struct. Biol. 4, 630-634.

Semisotnov, G. V., Rodionova, N. A., Razgulyaev, O. I.,
Uversky, V. N., Gripas, A. F. & Gilmanshin, R. I.
(1991). Study of the ``molten globule'' intermediate
state in protein folding by a hydrophobic ¯uor-
escent probe. Biopolymers, 31, 119-128.

Shimizu, A., Ikeguchi, M. & Sugai, S. (1993). Unfolding
of the molten globule state of a-lactalbumin studied
by 1H NMR. Biochemistry, 32, 13198-13203.

Shimizu, A., Ikeguchi, M., Kobayashi, T. & Sugai, S.
(1996). A synthetic peptide study on the molten
globule of a-lactalbumin. J. Biochem. 119, 947-952.

Smith, L. J., Alexandrescu, A. T., Pitkeathly, M. &
Dobson, C. M. (1995). Solution structure of a pep-
tide fragment of human a-lactalbumin in tri¯uor-
oethanol: a model for local structure in the molten
globule. Structure, 2, 703-712.

Sommers, P. B. & Kronman, M. J. (1980). Comparative
¯uorescence properties of bovine, goat, human and
guinea pig a-lactalbumin. Characterization of the
environments of individual tryptophan residues in
partially folded conformers. Biophys. Chem. 11, 217-
232.

Song, J., Bai, P., Luo, L. & Peng, Z.-y. (1998). Contri-
bution of individual residues to formation of the
native-like topology in the a-lactalbumin molten
globule. J. Mol. Biol. 280, 167-174.

Staley, J. P. & Kim, P. S. (1990). Role of a subdomain in
the folding of bovine pancreatic trypsin inhibitor.
Nature, 344, 685-688.

Tanford, C. (1970). Protein denaturation. C. Theoretical
models for the mechanism of denaturation. Advan.
Protein Chem. 24, 1-95.

Uchiyama, H., Perez-Prat, E. M., Watanabe, K.,
Kumagai, I. & Kuwajima, K. (1995). Effects of
amino acid substitutions in the hydrophobic core of



De®ning the Core Structure of a Molten Globule 221
a-lactalbumin to the stabilities of the molten globule
state. Protein Eng. 8, 1153-1161.

Wu, L. C. & Kim, P. S. (1998). A speci®c hydrophobic
core in the a-lactalbumin molten globule. J. Mol.
Biol. 280, 175-182.

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

Wu, L. C., Peng, Z.-y. & Kim, P. S. (1995). Bipartite
structure of the a-lactalbumin molten globule.
Nature Struct. Biol. 2, 281-285.
Edited by C. R. Matthews
(Received 23 July 1999; received in revised form 22 September 1999; accepted 23 September 1999)


	Introduction
	Figure 01

	Results
	Figure 02
	Figure 03
	Table 1
	Figure 04
	A peptide model of the molten globule state
	Truncation mutants define the critical core required to form the molten globule

	Conclusions
	Figure 05

	Materials and Methods
	Peptide synthesis
	Sedimentation equilibrium
	CD
	Fluorescence measurements

	References

